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Elephant seals, weighing up to 2000 
kilograms, are not only the largest seals 
but among the most impressive of all 
marine mammals. Brought to the brink of 
extinction by nineteenth-century hunters, 
the northern species has achieved a re- 
covery that is unmatched by any other 
marine vertebrate. Elephant seals are 
capable of tolerating remarkable 
physiological extremes of nutrition, 
temperature, and pressure. They spend 
more time underwater than most whales 
and dive deeper and longer than any 
other marine mammal. Lactating females 
and the largest breeding males during the 
mating season can lose up to forty 
percent of their body weight through 
prolonged fasting. 

For these and other reasons, the ele- 
phant seal has been the subject of inten- 
sive study in the northern and the south- 
ern hemispheres. Elephant Seals, the first 
book-length discussion of the species, 
gathers together the research findings of 
scientists working along the North Amer- 
ican coast from California to Alaska and 
in the circumpolar waters of the Antarc- 
tic. It documents for the first time the 
worldwide status of elephant seals, 
noting both the remarkable resurgence of 
the northern species and the troubling 
decline of certain populations in the 
south, which some attribute to human 
factors such as fishing and global 
warming. 

Among the studies discussed by the 
authors are those involving cutting-edge 
research on the seals' diving patterns. 
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PREFACE 



*'If you like superlatives, you will love this animal," a pitchman for 
elephant seals might say. The list is long and &r-ranging. It is the largest 
seal and one of the most sexually dimorphic marine mammals. It is ex- 
tremely polygynous by comparison with any other large vertebrate. 
Females fest while lactating, and the largest breeding males fast for more 
than one hundred days during the breeding season. Elephant seals dive 
deeper and longer than any other pinniped, and they spend more dme sub- 
merged during their long aquatic wanderings than most whales. No other 
large vertebrate has come so dose to extinction as the northern elephant 
seal did one hundred years ago and made such a rapid recovery. 

Although these superlatives make the two elephant seal species in the 
genus Miromiga ideal subjects for a variety of scientific studies, some of their 
more mtmdane attributes are responsible for much of the attention by sci- 
entists. Elephant seak breed on open beaches where they are plainly visi- 
ble. They are unafiraid of humans and do not flee when approached or dis- 
turbed. Consequendy, when sleeping, they can be easily marked or tagged 
individually. Tagging at weaning, one month after birth, yields a cohort of 
known-age animak by sex. This is critical for long-term behavior studies 
and studies of growth, aging, and survival and defines the age and matura- 
tion variables in physiological studies in the laboratory. To put this in per- 
spective, a biologist can identify, sex, and age more elephant seals in one 
afternoon than a student of killer whales might accomplish in a month, if at 
all. Arrivals and departures on rookeries for breeding and molting are pre- 
dictable, which has facilitated instrumentation of individuals for the study 
(^diving and at-sea behavior. 

Owing in large part to their ease study, the rudiments of elephant seal 
natural history, the basis for a good monograph, were provided by the first 

xi 
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systematic observations and studies conducted in the 1940s and 1950s. It 
was in elephant seal teeth that annual growth layers were first demon- 
strated as a reliable method of age determination of mammals. George 
Bartholomew pioneered studies of the northern elephant seal, M. angustiros- 
triSy in California and Mexico and one of us (RML) concurrently conducted 
an intensive study of southern elephant seals, M. leonina, at South Georgia 
and other rookeries in Antarctic waters. During the next three decades, this 
information base expanded rapidly as a result of fundamental beha\ ioral, 
physiological, and population studies conducted by scientists from a num- 
ber of countries at most places where elephant seals breed. One measure of 
the ease and depth of study of this animal is that lifetime reproductive suc- 
cess of several cohorts has been estimated by mcasurint^ reproductive suc- 
cess annually in identifiable males and females throughout their lifetimes, 
something that has been accomplished in only a few large vertebrates. 
Studies of at-sea behavior began in 1983, made possible by the develop- 
ment of small self-contained diving instruments. By 1990, elephant seals 
were one of the most thoroughlv studied and well-known marine mammals. 

When there is sufficient knowledge and intellectual activity in a field, it 
becomes interesting and worthwhile to survey this knowledge, and holding 
a conference has numerous advantages. In 1990, Gordon Reetz, represent- 
ing the Minerals Management Service, asked one of us (BJL) to organize 
and coordinate such a conference. The impetus for the international confer- 
ence on elephant seals held in Santa Cruz, California, on May 20-21, 1991, 
was to review and update the status of both the northern and southern 
elephant seal populations and present current research findings in life his- 
tory, diving and foraging behavior, and physiological ecology. Because it 
was apparent that the population of the northern species was expanding 
rapidly while major colonies of the southern species were in long-term de- 
dine, it was hoped that causes of colony decline might be suggested from an 
examination of behavioral, reproductive, and survival data. Second, there 
was a great deal of excidng research being done on diving and foraging 
behavior and energy requirements during feeding and breeding on di- 
verse rookeries, and we thought it would be stimulating to meet, present 
our findings, and discuss progress in this last-developing area of research. 
Third, we auned to examine factors affecting survival and reproductive suc- 
cess. For both species, we wanted the principal researchers firom around the 
world to present their most recent fimKngs on these topics. 

Like the conference, this volume is intended to provide a detailed sum- 
mary of current knowledge of certain aspects of elephant seal life. It is not 
an attempt to present all that is known about elephant seals. Everything 
that was presented orally at the conference is reported here except for two 
talks. Additional information, acquired after the talks were given, has been 
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added to many of the chapters, and an introductory chapter was written to 
provide background information on natural history. 

This volume has 40 authors, 39 more than the typical monograph. The 
advantage of a multiaiithor monograph over the more typical single-author 
volume is breadth of coverage, depth of treatment in each chapter, and 
multiple perspectives on the same issues. Little effort was made to hold au- 
thors to a uniform format or writing style. We hope that the information 
presented in this volume will be of interest to students of animal behavior, 
ecology, physiology, and marine science, as well as wildlife managers and 
administrators linked with government, fisheries, and petroleum assessment 
and development, that is, people who are concerned with the impacts of 
activities in our oceans on the animals that hve in them. 

In this volume, the first section on population ecology contains chapters 
addressing the history and current status of both species, the impact of 
southern elephant seals on the Antarctic ecosystem, and possible causes of 
the decline of some colonies. In the second section, the results of long-term 
studies of juvenile survivorship, diet, and breeding strategies of the north- 
ern elephant seal are presented, basic behavioral and life history data that 
arc intended to elucidate the causes of population growth and decline. The 
third section deals with at-sca behavior of both species. In chapter 12, 
Roger D. Hill presents the theory that made it possible to determine the 
migratory paths and foraging areas of seals treated by Marthan N. Bcster 
and Ian S. Wilkinson (chap. 5), BurncyJ. Lc Boeuf (chap. 13) and Brent S. 
Stewart and Robert L. DeLong (chap. 16). Other chapters review recent 
findings in this fast-developing field and explore new directions for elucidat- 
ing foraging behavior and physiological constraints on diving, such as early 
development, measurement of swimming speed, and analysis of dive types. 
The volume closes with a consideration of key elements of foraging econo- 
mics in southern elephant seals, endocrine changes during development, 
breath-hold performance during sleep on land and underwater, and the role 
of hormones in fuel regulation during fasting, a key aspect of the life history 
strategy of both species. 

We are grateful to Gordon Reetz, Carol Fairfield, James Lang, Mark 
Pierson, and others from the Minerals Management Service for support in 
acquiring the finances that enabled us to bring this international group 
together for a stimulating exchange of information in a pleasant setting and 
for the funding to initiate this volume. We thank John Twiss and Bob Hof- 
man of the Marine Mammal Commission for providing a small grant 
to help defray travel costs for participants from out of the country. BJL ac- 
kaowMtga the financial assistance of George A. Malloch and the Gerena 
MacGowan Estate and grants from the National Science Foundation. RML 
acknowledges a grant from the Royal Society. We thank Daniel Costa and 
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Christophe Guinet for their oral presentations at the conference and James 
Estcs, Gerald Kooyman, and Joanne Reiter for chairing sessions and acting 
as discussants. Communication with authors and transmittal of manu- 
scripts to the publisher were facilitated by Gigi Nabors and Marie McGul- 
lough. We are grateful to the science editor at the University of California 
Press, Elizabeth Knoll, for taking on this project and speeding it along. 
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Elephant Seals: 
An Introduction to the Genus 

Bumey J. Le BoeuJ and Richard M. Laws 



ABSTRACT. Tbc two spcdes of elephant seals, M. anpuUmtris and M. UmAu, in- 
habit different parts of the world, in opposite hemispheres and contrasting dimadc 
zones, they breed at difierent times of the year, and they diSer in size and elabora- 
tion of male seccmdary sexual characteristics. The northern species is lacking in 
genetic variation, apparently the result of an extreme population bottleneck caused 
by sealing in the last centurv-; the population has increased rapidly in this century. 
The southern species has decreased in overall number over the last half century. 
There are three (or four) stocks, with little genetic interchange; the major stock 
appears to be stable, others have decreased, and one population is increasing. De- 
spite these diflferenoes and thousands of years of separation without interminghng, 
the two species are remarkably similar in morphology, behavior, and life history 
traits serving reproduction and the diving pattern. 

The aiin of this chapter is to provide information on the origins, nomencla- 
ture, and key features in the ecology and life history of elephant seals that 
will serve as background for the specialized chapters that follow. Research 
on both species has been both intensive and extensive. The more accessible 
northern species has been particularly closely studied at Ano Nuevo Island, 

where large cohorts of kno%vn-age marked animals provide longitudinal 
data, and intensive year-round studies of behavior have been made. Re* 
search on the southern species has been concentrated on the breeding sea- 
son because the remote and rigorous cn\'ironment in which it hves has 
made \ ear-round studies more difficult. Nevertheless, a recent review re- 
marked that it ^is one of the most exhaustively and widely studied pin- 
nipeds" (Ling and Bryden 1992). 

While the northern species' breeding range is comparatively limited, 
with extensive interchange between colonies, the southern elephant sea! has 
a number of separate populations, with limited interbreeding, over a dr- 

/ 



Copyrighted malBrial 



2 



ELEPHANT SEALS 



cumpolar range and in a broad range of latitudes (Laws, this volume). Its 
population ecology is more varied. 

ORIGINS 

Elephant seals are the largest in size of the 34 extant species of pinnipeds 

(King 1983). There arc two species in the genus Mirounga^ the northern 
elephant seal, M. angustirostris, and the southern elephant seal, M. leonina. 
The genus is in the family Phocidae, the true seals, as distinct from the 
other two families in the suborder Pinnipedia: Otariidae, the fur seals and 

sea lions, and Odobenidac, the walrus. 

Northern elephant seals arc distributed along the west coast of North 
America from mid-Baja California, Mexico, to the eastern Aleutian Islands 
in .Alaska (Stewart ct al., this volume). The distribution of southern ele- 
phant seals is circumpolar on island and mainland sites, from the Antarc- 
tic continent to Patagonia, but concentrated on subantarctic islands (Laws, 
this volume). 

The origins of elephant seals, like all pinnipeds, arc obscure, but there is 
general agreement that phocids originated in the Tcthyan-Mediterranean 
part of what is now Asia during the middle Miocene, about 15 to 20 million 
years ago (King 1964; Hendey 1972; Hendey and Repenning 1972; Repen- 
ning 1980). J. L. Davies (1958). drawing heavily on J. E. King (1956), 
argues that Antarctic seals derived from ancestral monachinoid seals that 
spread southward to the Caribbean at the time of seawater cooling in the 
Miocene and thus took advantage of the absence of the Central American 
isthmian barrier and entered the East Pacific cold-water route to the south. 
C. A. Repenning ( 1 980) also thinks that phodd seals first invaded the south 
during the Miocene, approximately 10 million years ago. The earliest fossil 
records of seals in Argentina and South Africa date from this time. 

J. L. Davies (1958) and Q. B. Hendey (1972) argue that the elephant 
seal genus developed in the Antarctic and the present species, M. Uamna^ 
colonized most of the anti-Boreal zone. They reason that elephant seals 
reinvaded the Northern Hemisphere by retracing the ancestral route along 
the west coast of South America during a Pleistocene glacial age, a time 
when passage to the Caribbean was closed. When the rewarming of the seas 
occurred, the group in the lower California region, which we now know as 
JIf. angusHmtris, was cut off from the main elephant seal population to the 
south. According to Hendey (1972:108), **Mirmmga angusHnsiris can thus be 
regarded as a relict species, surviving in isolation far from the origins of the 
genus." 

K. T. Briggs and G. V. Morejohn (1976) present a different interpreta- 
tion. They argue that the presence of fossil elephant seals in California and 
the relative primitiveness of the northern species (more complicated teeth 
and reduced sexual dimorphism) are inconsistent with a putative southern 
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origin. They propose that the genus originated in the subtropics from un- 

specialized ancestors of modern monk scab. Ancestors of Mirounga entered 
the Pacific by way of the Central American Seaway. Uplift of the Tertiary 
Central American Seaway and poleward retreat of elephant seal popula- 
tioiis, due to climatic conditions, led to geographic isolation, spedation, and 
the present distribution of the two species. According to this interpretation, 
the northern species is the older of the two. The southern species either 
evolved direcdy hrom the northern congener or they shared a common 
ancestor. 

The poor fossil record does not permit an adequate test of these compet- 
ing hypotheses. It is also difficult to say how long the two species have been 
separated. Perhaps the separation was as recent as the last major glada- 
tion, which ended about 5 to 10 thousand years ago, or possibly it began as 
loi^ ago as the early Pleistocene. Elephant seals were in California 100 to 
130 thousand years ago as revealed by fossils found in the San Diego forma- 
tion (Miller 1971), about the time of the beginning of the last gladation. 
Other fossil material from California may be from 1 to 4 million years old, 
but whether the material is definitely Aftfowi^a is in question (C. A. Rcpen- 
ning, pars. comm.). That the two species arc considered distinct and differ 
in many ways argues for a separation long enough to have permitted the 
evolution of different structures and behaviors. The distance separating the 
breeding ranges of the two species today is more than 8,000 km, and there 
is no evidence of intermingling. 

NOMENCLATURE 

Whether the ancestors of elephant seals headed north after entering the 
Pacific or headed south to the Antarctic, or took both directions, remains 
moot, but it is clear that the name for the genus has a southern origin. 
Mirounga is from miouroung, an old Australian Aboriginal name for elephant 
seals. A more fitting name, Macrorhinus, was proposed by Cuvier in 1824, 
but the name had already been given to an insect, so Mirounga^ suggested 
by J. E. Gray (1827), prevailed. 

The species names have even more frivolous origins (King 1964; Le 
Boeuf 1989). 1. Gill (1866) proposed angustirostris. or narrow nose, for 
northern elephant seals on the coasts of western Norih .America, to differ- 
entiate them from leonina in the Antarctic. He was impressed by the "pecu- 
liarly narrowed and pronounced snout" of the only northern specimen he 
had for examination, a female skull. This is ironic because the most out- 
standing feature of the animal is the elaborate nasal appendage of the male, 
not the subde anatomical character of the female skull. Linnaeus's name for 
die southern species, leonina, was based cm Lord Anson's erroneous descrip- 
tion (Linnaeus 1758); the southern species bears no resemblance to a lion 
or a sea lion. 
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Even among the common names, there are errors and inconsistencies 
that have come into common usage. Calling adult elephant seals "bulls" 
and "cows" and the newborns "pups" is the legacy of scalers. Seals breed 
on "rookeries," a term first used to describe the breeding grounds of gregar^ 
ious birds, and polygynous male seals defend "harems" of females. 

APPEARANCES 

Elephant seals are extremely sexually dimorphic, fully adult males being up 
to ten times larger than adult females (figs. 1.1 and 1.2). Males also have 
distincti\'r srcondary sexual characteristics besides size which females 
lark — an enlarged pn)l)()scis and thick skin on the sides and underside of 
the neck, ruddy and more rugose in the northern species. The short pelage 
of adults varies from q;ra\ to brown, except for immediately following a 
drastic annual molt when the pelage takes on a gray or silver hue. ihe 
elephant seals share with the monk seals, Monacfius sp., a drastic molt pro- 
cess unlike that of any other mannnal, during which the hairs are shed 
attached by their roots to large sheets of molted epidermis (Ling and 
Bryden 1992; Worthy ei al. 1992). Pups have a woolly black natal pelage 
that is molted at 4 to 6 weeks of age and replaced by a silver-gray coat 
(Laws 19j6a). The new hair pushes the old loat upward and out. The new 
hair is short and tlai but grows t(j a length oi about 12 to 14 mm during the 
two weeks after the old coat has been shed. (The duration and location of 
molting are discussed below.) The fusiform body has been modified by 
selection to reduce drag in the water; the male penis and testicles and 
female mammary glands are internalized when not in use. 

SIMILARITIES AND DIFFERENCES BETWEEN 
THE TWO SPECIES 

The dose relationship between the two species is at once obvious to the 
casual observer from the similarity in size, appearance, and movements. 
Behavior of the two species is, on the whole, remarkably similar on land 
and at sea. For Gcample, the social organization of mates competing for 
access to females during the breeding season is similar. We describe these 
similarities in more detail in later sections. 

Laws (1956fl) described the behavior of a small population of southern 
elephant seals in the South Orkney Islands, breeding on sea ice in spring 
and present under fast ice, in which they kept open breathing holes, in 
early winter. Similar behavior occurs in the South Shetland Islands, and 
elephant seals have been seen hauled out on pack ice (R. M. Laws, un- 
publ. observ.). This is in extreme contrast to some subtropical breeding 
locations of the northern species, for example, desert islands on the west 
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Fig. 1.1. A northern elephant seal bull bellows a threat vocalization to a competitor. 
An adult female is in the foreground, and others are in the background. Photograph 
by Franz Lanting. 




Fig. 1.2. Two southern elephant seal bulls fighting at Peninsula Valdez, Argentina. 
Photograph by Burney J. Le Boeuf. 
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coast of Baja California, Mexico. The dive depths and dive durations dur- 
ing transit and foraging arc remarkably similar despite occurring in dispa- 
rate parts of the ocean (Le Boeuf et al. 1988; Lc Boeuf, this volume; Ste- 
wart and DeLong 1991; Stewart and DeLong, this volume; Hindell 1990; 
Fedak et ai., this volume). 

Differences between the species have not been subjected to special 
study; we describe the most obvious. Thr southern male is longer and 
heavier than its northern counterpart. Southern bulls in harems weigh 
1,500 to 3,000 kg, with maximum weights reaching 3,700 kg (Ling and 
Bryden 1981). The largest northern males weigh 2>300 kg (Deutsch, 
Haley, and Le Boeuf 1990). Females of tne two species do not appear to 
differ significantly in mass. Southern females range widely in mass firom 
350 to 800 kg shortly after giving birth, with most of thrm in the range 
400 to 600 kg (Fedak et al., this soiume). Northern females have a post- 
partum mass ranging from 360 to 710 kg (Deutsch et al., this volume). 
The mean mass of northern pups, however, may exceed that of southern 
pups at weaning, 131 kg versus 121 kg (Le Boeuf, Condit, and Reiter 1989; 
Deutsch et a!., this volume; Fedak et al., this volume), perhaps owing to a 
difference in suckling duration (Le Boeuf, Whiting, and Gantt 1972; Laws 
1953^; McCann 1980). Ho\vc\'cr, at South Georgia, mean male weaning 
mass in four years ranged from 1 18.7 to 137.2 kg (SCAR 1991), and more 
southerly populations of A/, leonina have higher weaning weights; for exam- 
ple, R. M. Laws (1953A) found weaning weights of about 200 kg at Signy 
Island in 1948-1949, and H. Burton (pers. comm.) reports high weaning 
weights at King George Island. 

Laws (1953^) and R. Carrick, S. E. Csordas, and S. E. Ingham (1962) 
report southern bulls measuring 6.2 m, and others refer to males of 7.62 to 
9.14 m; the early records, however, probably included hind flippers and are 
not comparable (see Scheffer 1958). C. M. Scammon (1874) reports a 
northern male that measured 6.71 m, but the longest northern bull mea- 
sured in recent times was 5.03 m long (B. Le Boeuf, unpubl. data). The 
average lengths of males seem to be less disparate across species; Laws 
(1960) estimated 4.72 m for southern males, and mean estimates for north- 
ern males range from 4.33 m (Dcuisch et al., this volume) to 4.48 m (Clin- 
ton, this volume). 

Some morphological differences between the species beg explanation. For 
example, the southern elephant seal can bend its body backward into a U- 
shape over a much greater angle than the northern elephant seal. Perhaps 
because of this difference, southern males also seem to be able to rear up 
higher during hghting than northern males. Paradoxically, despite greater 
sexual dimorphism in skull characteristics in southern elephant seals, the 
fleshy exterior of the northern spedes is more sexually dimorphic. The 
probosds of the northern male is larger and the integumentary neck and 
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chest shield are more highly developed than these features in the southern 
male (Murphy 1914; Laws 1953^). 

Developmental differences in early life deserve further study. Southern 
pups are weaned at 22 to 23 days of age (Laws 1953^; McCann 1980; Cam- 
pagna, Lewis, and Baidi 1993); northern pups are weaned at 24 to 28 days, 
nursing duration increasii^; with the age of the mother (Reiter, Panken, 
and Le Boeuf 1981). Some southern elephant seal pups begin molting while 
still suckling; a small percentage molt in utero (Laws 1953^, 1956a; Carrick 
ct al. 1962; Le Boeuf and Petrinovich 1974). For pups at Signy Island, 
Laws (19536) reports that the molt lasts about 24 days and is completed by 
30 to 38 days of age. The molt in northern elephant seal pups is equally 
long but docs not begin until after weaning, at about 28 davs of aj^e; the 
process bcirins slightly later in males than in females (Reiter, Stinson, and 
Le Boeuf 1978). 

In the soutlicin elephant seal, weaned pups fast for an average of 37 
days, and the duration of the postweaning fast increases linearly with in- 
creasing weight at weaning. Pups continue to fast until they reach a lower 
weight threshold of about 70% of weaninc; weight (Wilkinson and Bcstcr 
1990). The duration of the fast in the Northern Hemisphere varies with the 
date of weaning. Pups weaned early fast ff)r a mean of 73.5 ± 7.6 days; pups 
weaned late in the season fast for a mean of 55.6 ± 13.2 days (Reiter, Stin- 
son, and Le Boeuf 1978). As in the south, the duration of the fast is posi- 
tively correlated with weaning mass, and at departure from the rookery, 
pups have lost an a\ < rac;e of 25 to 30% of their weaning w eight. Some pups 
of both species remain near the rooken,' for up to 2 to 2 1/2 months belbre 
going to sea for the first time (Reiter, Stinson, and Le Boeuf 1978; Condy 
1979). 

The threat vocalizations of males are quite distinct, evidently a diver- 
gence that has come about with geographic separation (Le Boeuf and 
Petrinovich 1974). The threat call of northern males is composed of 3 to 20 
discrete expulsive, low-frequency bursts that are emitted at a rdadvely con- 
stant rate, with some individuals adding a longer embellishment to the be- 
ginning or end of the calL The mean duration of the call is 6.8 ±2.5 
seconds. In contrast, the threat vocalizadons of southern males are more 
than twice as long (mean» 19.1 ±8.3 seconds) and are composed of long 
roars that vary in pitch and loudness, the result of a sound being produced 
during inspiradon as well as during expiration. 

The near-annihiladon of the northern elephant seal population by seal- 
ers in the last century, compared to the less destructive sealing efforts in 
the larger and more widely distributed elephant seal populations in the 
Soudiem Hemisphere, has apparentiy resulted in differences in genetic 
variation. The extreme population bottleneck experienced by the northern 
spedes — a reduction to less than 100 individuals breeding on only one 
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island in the late 1880s — is interpreted as being responsible for lack of alio- 
zyme diversity and reduced DNA sequence diversity in two mtDNA regions, 
relative to southern elephant seals (Bonnell and Selandcr 1974; Hoelzel et 
al. 1993). 

TERRESTRIAL HABITAT 

The traditional rookeries and haul-tnii sites of elephant seals arc islands or 
remote continenial shores. Preferred breeclmt^ and resting sites are usually 
located on gradually sloping, sandy beaches or sand spits. Given similar 
accessibility, elephant seals settle first on beaches with a fine sandy sub- 
strate, next on pebbles, and as a last resort on boulders or rocky shores. A 
sandy substrate is ideal lor the caterpillarlil^e movements of these large ani- 
mals. Moreover, in both species, flipping damp sand, loose dirt, or small 
damp pebbles on their backs aids in temperature regulation on warm days 
(Laws 1956a; White and Odcll 1971; Heath and Schusicrman 1975). 

THE ANNUAL CYCLE ON LAND 

The annual cycle of the two species is similar except that the time scale is 
shifted (fig, 1.3). M. leonina breeds in the austral spring (early September to 
mid-November), while M. angustirostris breeds in the northern winter (De- 
cember to February). Temporal intervals between reproductive events are 
similar (Carrick et al. 1962; Le Boeuf and Petrinovich 1974). There arc 
slight shifts in peak events, sudi as the maximum number of females during 
the breeding season, among rookeries distributed widely across latitudes. 
This is especially well documented in the southern elephant seal (Laws 
1956fl; Condy 1979; McCann 1985; Hindell and Burton 1988). As one pro- 
ceeds from northern rookeries such as Peninsula V^aldez, Argentina, to 
southern ones like the islands of King George and South Georgia (across 22 
degrees of latitude or about 1,736 km), the peak number of females is de- 
layed by 22 days, from October 3 to October 25 (McCann 1985; Campag- 
na, Lewis, and Baldi 1993). Variation in the onset of the season in the 
northern species, from one rookery to the next, has not been reported, but 
differences, it they exist, are thought to be slight. 

The annual cycle of northern elephant seals at Aiio Nucvo, California, 
seems to be typical of that of other colonies of seals in the Northern Hemi- 
sphere (with the possible exception of numbers during the female and juve- 
nile molt: see fig. 1.3a) but ditiers ni some respects troni southern colonies, 
not only in the shift in seasons but in the timing of haul-out in ditr{ rent age 
and sex groups. The annual cycle is described below for Aiio Nuevo and for 
Macquaric Island. 
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Northern Species 

It is useful to divide the annual cycle into four terrestrial phases: breeding 
season, female and juvenile molt, male molt, and juvenile haul-out. The rel- 
ative numbers present on the rookery during each phase is shown in figure 
1.3a. 

Bru^ag Season: December to Mid-March. The breeding season at Ano 
Nuevo begins in early December with the arrival of the adult males. Usual- 
ly, the older bulls arrive first, and all serious omipetitors are on the rookery 
by the end of December. Concurrent with the arrival of adult males, there 
is a rapid decline in the number of juveniles, 1 to 4 years old, that previous- 
ly predominated on the rookery. Pregnant females begin arriving in mid- 
Decrmber, reach a peak during the period from January 26 to February 2, 
and then their numbers decline until all ol them have returned to sea by the 
end of the first week in March (fig. 1.4). Younger males begin leaving the 
rookery in late February, but the larger bulls remain on the rookery until 
the end ot March, long after the last female has departed. 

The pupping period is from about the third week in December to the end 
of the first week in February. Copulations occur from the first week in Janu- 
ary through the first week in March, with February 14 being the peak day 
of copulation frequency. 

Female and Juvenile Molt: Mid- March through May. As the last females 
wean their pups and return to sea, the first females that gave birth early in 
December begin returning from sea in mid-March to molt, a process that 
takes about one month to complete. This influx of adult females continues 
for about two months. The adult females are joined by juveniles, 1 to 4 
years old, of both sexes. The highest number of animab present on the 
rookery are seen in late April. Present in the spring but declining in number 
are adult males, all of whom return to sea by the end of March, and the 
newly weaned pups, 80% of whom leave the rookery by the end of April. 
Rather suddenly, in early to late May, there is a rapid decline in total num- 
bers on the rookery. 

Male Molt: June through August, The lowest number of animals are 
observed on the rookery in June, July, and August (fig. 1.3a), when 
breeding-age males molt. There is a tendency for the younger pubertal 
males, 5 to 6 years old, to arrive in early sununer, and they are followed by 
the older males in late summer (fig. 9.1, this volume). A few young of the 
year and IV^-year-olds are observed early in this period, but they make 
up less than 5% of the total number of seals in residence. Juvenile numbers 
begin to increase in August, and in some years, they outnumber molting 
males by the end of the month. 
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Fig. l.S. A schematic representation of the annual cycle of northern and southern 
elephant teak showii^ the relative number of animals present throughout the year. 
The times of breeding and odier events during the annual qrde are indicated by 
horizoatal ban. (A) The relative number of northern elephant seals on a rookery 
such as Ano Nuevo Island during the late 1970s (solid line). The dashed line indi- 
cates that for some rookeries (e.g., San Nicolas and San Miguel), the number of 
animals during the moh of cows and Juveniles is nearly the same as the number 
observed during the breeding season (Le Boeul and Bonneil 1980). (B) The relative 
number of southern ck phant seals present on a typical rookerv during the annual 
cycle (based on data Ironi Laws 195ba aini Hindell and Burton 1988). 
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Fig. 1.4. A schematic diagram showing the increase and decrease in categories of 
elephant seals present during the breeding season on Ann Nuevo Island (solid line; 
adapted from Le Boeut 1972) and a typical rookerv' ot the southern elephant seal 
(dashed line; adapted (torn Laws 1956a and Hindell and Burton 1988). 



Juvenile Haul-Out: September through November. By the fir.st week in 
September, all but a few males have gone to sea to feed and fatten up for 
the approaching breeding season. Young of the year and juveniles up to 
four years of age increase steadily in number to a peak in October. At Ano 
Nuevo, many of these juveniles are immigrants from southern rookeries. 
Some yearlings exhibit a pathological skin and pelage called "scabby molt," 
but as a rule, normal molting does not occur during this period. Pubertal, 
subadult males begin to arrive on the rookery during the middle of Novem> 
ber, a time when juveniles are decreasing in number. 

The schematic representation of the total number of elephant seals pre- 
sent on Ano Nuevo throughout the year (fig. 1.3a) shows the relative num- 
ber of animals present in each phase of the annual cycle. The temporal pat- 
terning of peaks and troughs in total animals, as well as the relative size of 
the peaks to each other, has varied little at this rookery during the last two 
decades. Elephant seals are in residence throughout the year, but their 
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numbers fluctuate greatly because animals of both sexes and different age 
groups are moving in and out predictably. 

The pattern in figure 1.3a resembles that observed at other northern 
elephant seal colonies, such as San Nicolas, San Miguel, and Santa Barbara 
islands (Odeli 1974; Bonnell et al. 1979), during the same period that Ano 
Nuevo was monitored (Le fioeuf 1981). The difference is that the female- 
juvenile molt numbers are equal to or f)n]y slightly higher than breeding 
season numbers. This is because animals from southern Cahfornia rookeries 
may haul out to molt in a different place from where they breed, showing 
up to be counted on northern California rookeries like Ano Nuevo. (Simi- 
larly, some South Georgia elephant seals haul out to molt at Signy Island, 
Elephant Island, and South Shetland Islands; Macquarie Island animals 
haul out on the Antarctic continent. Also, bulls haul out to molt in limited 
numbers at Ano Nuevo compared with colonies of the southern species.) 

Southern Species 

Information for the southern species is drawn from R. \\. Laws (1956a), 
R. Carrick et al. (1962), and M. A. HindeU and H. R. Burton (1988) (fig. 
1.3b). 

Breeding Season: August to Mid- December. At Maccjuaric Island, the adult 
males arrive in early August, and all serious competitors arc present by 
mid-Scptrmhcr ( fig. 1.4). Small numbers of juveniles (females of 1 to 4 
years; males ot 1 to 6 years) haul out in winter but decline to near zero by 
the end of August. Pregnant females begin to arrive in mid-Scf^tcmber. 
reaching a peak about October 16, suhsrqurntK declining so that all have 
returned to sea by the end of November. Adult bulls remain until mid- 
December. The pupping period is from late September to the end of Octo- 
ber. Copulations occur f rom mid-October to mid-November, with peak fre- 
quency in early November. 

Female and Juvenile Molt: January and February. Mature females begin re- 
turning from sea about the beginning of January, to molt for about one 

month, reaching peak numbers about tlie- end ofjanuarv'; all have returned 
to sea by the end of February. Theju\ enile haul-out begins much earlier, in 
mid-November, reaches a peak about mid-December, and ends in late 
January. 

Male Molt: November to April. Subadult males (6 to 8 years old) molt 
from early November to early March, with a peak at the end of December. 
Adult males haul out for molt from early February until May, with a peak 
in mid-March. The lowest numbers are observed on the rookeries in winter, 
July to August, representing a haul-out of adult males and juveniles. 
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Juvenile Haul'Out: Mid-March to the End of Auffut, By the end of August, 
males have completed their molt and gone to sea to feed and lay down 
blubber for the breeding season. At Macquarie Island, there is a winter 
haul-out of juveniles from April to August, with peak numbers in early June 
less than half of the peak molting haul-out. At Macquarie, juveniles arc 
present ashore for a greater proportion of the year than any other popula- 
tion component. At Signy Island and South Georgia, there is no significant 
winter haul-out. 

At Signy Island, because the breeding population is small, the highest 
numbers are ashore molting in the last week of January, representing im- 
migrants from South Georgia. But at Macquarie Island and South Georgia, 
the largest numbers arc present in the breeding season. 

Thus, the general haui-out cycles for northern and southern elephant 
seals are broadly similar in the breeding season, but there arc significant 
differences in detail throughout the rest of the year. The overall breeding 
season is longer in the southern species, mainly due to earlier haul-out of 
the bulls, but the pupping season is more synchronous with a more pro- 
nounced peak in numbers of cows; weaned pups depart to sea earlier (fig. 
1.4). The female and juvenile moll is slightly shorter and later at Mac- 
quarie Island than at Ano Nuevo. The period when males are ashore for 
the molt is twice as long at Macquarie as at Ano Nuevo, starting earlier 
and ending earlier at Macquarie; also, few adult males molt at Ano Nuevo 
(i.e., only the males that breed there). 1 he juvenile haul-out is similar in 
the two locations, although slightly longer and earlier at Macquarie. At 
South Georgia and Signy Island, south of the Antarctic Convergence, it 
would be expected to be earlier than at Ano Nuevo or Macquarie owing to 
lower air temperatures (and pack ice around Signy Island) from April on- 
ward. The limited data confirm this (Laws 1956a). 

Some colony and species differences in the shape of the annual cyde of 
total annnalg are to be expected given that there are differences in molting 
locations, in the time that food is abundant, and in the distance of prey 
from the rookery. By and large, the presence of elcpliant seals on traditional 
rookeries and hauling grounds is predictable by age and sex. 

TIME AT SEA 

It is useful to consider the time at sea from the individual point of view. 
This varies with age and sex (fig. 13.1, this volume). In northern elephant 
seab, pups make their first contact with the water within two weeks of 
weaning at about six weeks of age, learning to swim and dive in shallow 
water near the rookery, until they depart on their first trip to sea at 3)6 
months of age (Reiter, Stinson, and Le Boeuf 1978; Thorson and Le Boeuf, 
this volume). After 4 to 5 months at sea, they return to the rookery for 
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about one month in the then return to sea for another 4 to 5 months. 
Both sexes take two trips to sea per year utuil they undeigo puberty. When 
they come of reproductive age. the fail haul-out is skipped, and the seal re- 
mains at sea for 1 1 months of the year. Thereafter, the adult pattern is 
adopted. Females make a postlactation trip to sea lasting a mean of 
72.6 ± 5.0 days, followed by a one-month molt on land, followed by another 
8-month trip to sea over the course of pregnancy. Thus, adult females arc at 
sea for 10 months of the year (Le Boeuf et al. Id88; Le Boeuf^ this volume). 
Adult males also make two trips to sea per year but spend less total time at 
sea, 8 months, than females (Le Boeuf, this volume; Stewart and DeLong, 
this volume). Southern elephant seals appear to hold to a similar schedule 
at sea (Laws 1956a; Hindell and Burton 1988). 

Researdi on the migratory paths and location of foraging areas of both 
species is in progress (Hindell, Shp, and Burton 1991; DeLong, Stewart, 
and Hill 1992; Bcstcr and Pansegrouw 1992; McGonnell, Chambers, and 
Fedak 1992; Le Boeuf et al. 1993) and is treated in several chapters in this 
volume (chaps. 5, 13, 16, and 20). 

REPRODUCTION 

Social Organization and Mating Behavior 
Bulls arc bclligcrenl when ihcy arrive on the rookery al the start of the 
breeding season, threatening and fighting with each other in areas where 
females will settle to give birth. When pregnant females begin arriving, they 
seek each other out for safety from the sexually aggressive males and gather 
in groups, or harems. The result of the fierce, bloody encounters between 
males is a dominance hierarchy al each breeding area (Le Boeuf and Peter- 
son 1969; Le Boeuf 1974: McCann 1981). This social structure etlectively 
reduces access to the grouped females to a few of the highest-ranking males 
in the area. One male, the alpha or beachmaster, dominates all other males 
and keeps them away from females with the species-specific threat vocaliza- 
tion delivered with ih<' head and neck elevated. brac<!d up with the fore- 

flippcrs. The second-ranked male ki ( ]>s .ill ulht r males away from females, 
too, but defers to the top-ranked male, and so it goes with decreasing rank. 
Social rank is directly associated with access to iemales; the alpha bull situ- 
ates himself in the middle of the group of iemales. Although small harems 
of 100 females or less may be ruled by one bull, as the female group in- 
creases in number, it becomes too time- and energy-consuming for the 
alpha male to keep all other males out. Other males, next in rank, lake up 
peripheral positions in the harem. In small colonics, the harems are smaller 
and discrete, each controlled by a single dominant bull, with subordinate 
bulls positioned around but outside the harem. In very large colonies, like 
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some beaches at South Georgia, there may be a nearly continuous mass of 
breeding females stretching for a kilometer or more, without individual 
harems. Alpha males and subordinate bulls are then positioned at intervals 
among the females (Laws 1956a). 

Mating Success of Males 
The ultimate result of this power structure is that few males mate, and male 
mating success is directly related to social rank in the dominance hierarchy. 
At Afio Nuevo, as few as 5 out of 180 males were responsible for up to 92% 
of the copulations observed with up to 470 females during a breeding sea- 
son; one male held the alpha position in a large harem and dominated mat- 
ing for four consecutive years, inseminating an estimated 200 females (Le 
Bocuf 1974). In the southern elephant seal, M. N. Bester and I. S. Wilkin- 
son (this volume) recorded that "dominant bulls controlling the harems 
achieved over 98% of all matings." 

A study of lifetime reproductive success at Ano Nuevo confirms that 
there is great variance in male reproductive success (Le Bocuf and Reiter 
1988). In a sample of 91 male pups, onlv 19 reached breeding age. Three 
males were extremely successful, inseminating an esiiniated 121, 97, and 63 
females, respectively; 5 other males apparently inseminated 69 females, and 
the remaining 1 1 surviving males (as well as the 72 nonsurvivors) tailed lo 
male, rhc males most successful at mating achieved high ranks in the 
dominance hierarchies associated with harems. 

Although males undergo puberty at about 5 years of age in the northern 
species and 4 to 5 years of age in the southern spedes, they do not achieve 
high rank until they are older, at least eight years of age, and larger (Laws 
1956a; McCann 1985; Clinton, this volume; Dcutsch et al., this volume). 
Prime breeding years for northern males are at Bgjt 9 to 12, males are in de- 
dine at age 13, and 14 years is the maximum life span (Le Boeuf and Rdter 
1988). The majority of breeding bulls in the southern spedes are also 9 to 
12 years old, but the maximum life span is 20 years (Laws 1953a; McCann 
1965). Despite the predominance of adult males in mating and male-male 
competition, four other categories of subadult males (SAMs) are present 
during the breeding season: SAMl » 4 years old, SAM2 = 5 years old, 
SAMS = 6 years old, and SAM4 = 7 years old (Le Boeuf 1974; Cox and Le 
Boeuf 1977; Clinton, this volume). 

The Reproductive Cycle of Females 
There is strong circumstantial evidence that most females of both spedes 
mate for the first time at sea (Laws 1956a, 19566, this volume; B. J. Le 
Boeuf, unpubl. observ.). At Ano Nuevo, only a few identifiable (marked) 
virgin females mate on land each year, late in the breeding season; the vast 
majority must mate at sea because they are not observed elsewhere on land, 
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either at this time or later in the season. Studies on the southern species 
demonstrated that in parous females, after copulations and fertilization, 
development is suspended and the blastocyst remains free in the uterus for 
about 4'/2 months; implantation occurs at the end of the summer molt, 
and active embryonic growth occupies about IV2 months (Laws 1956^). 

Within 6 days after a pr^nant northern elephant seal arrives on the 
rookery during the breeding season, she gives birth to a single pup (this 
period in the southern elephant seal is 5 days). She keeps it near her and 
nurses it daily for 27 days (23 days in the southern elephant seal), all the 
while remaining in the harem and fasting from food and water. During the 
last 3 to 5 days of nursing, she copulates (about 4 days in the southern 
elephant seal). Four weeks after giving birth, 34 days after arriving on the 
rookery (28 days in the southern elephant seal), and on her last day of 
estrus, the female weans her pup by returning to sea (Le Boeuf, Whiting, 
and Gantt 1972; Laws 1953^, 1956a, 1956^). 

Agt at Pnnuparity and Natality. In expanding colonies in northern Cali- 
fornia, females give birth for the first time at age 3 to 6, with 4 years of age 
being the mean age at primiparity (Rciter, Panken, and Lc Boeuf 1981; Hu- 
bcr 1987; Lc Boeuf and Reiter 1988). High local density of breeding females 
is correlated with deferred maturity (Huber et al. 1991). Most females pro- 
duce a pup annually until they die at a maximum age of about 20 years; 
however, skipping a year has been observed in some rookeries, especially 
following first breeding (Hubcr 1987; Huber et al, 1991). 

At South Georgia, M. leonina females also give birtli for the first time at 
a^c 3 to 6, the majority at age 4. At Macquarie Island, there was deferment 
of the range and mean by one year (McCann 1980: Carrick et al. 1962). 
The reason for the dificrcncc is not clear, although body growth rales are 
lower at Macquanr Island. M. A. Hindell and G. J. Little (1988) report 
two known-age females observed suckling pups on Macquarie Island at 
age 23. 

Female Reproductive Success. Female weaning success increases with age 
up to at least age 8 (Rcilcr, Panken, and Lc Boeuf 1981; Lc Boeuf and Rci- 
ter 1988; Hubcr 1987; Huber et al. 1991; Sydeman et al. 1991; Deutsch et 
al., this volume). Reproductive experience may have a positive (Rciter, 
Panken, and Lc Boeuf 1981) or a negative effect on subsequent weaning 
success (Sydeman et al. 1991; Sydeman and Nur, this volume). An impor- 
tant factor in weaning success is female mass, which increases with age 
(Deutsch, this volume). At Ano Nuevo, older, larger females dominate 
younger, smaller females, displacing them or their pups and preempting 
areas in the harem that are less prone to nursing disruptions caused by 
peripheral males or high water (Christenson and Le Boeuf 1978). 
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Preweaning Pup Mortality. The major cause of pup mortality on the rook- 
ery and lack of weaning success is the trauma-starvation syndrome that be- 
gins with mother-pup separation and ends with starvation or lethal injury 
inflicted by adults (Lc Bocuf and Briggs 1977). Trauma results from 
crushii^ by breeding bulls, or from orphaned pups being bitten while 
attempting to suckle alien females. Three classes of variables affect mother- 
pup separation and increase pup mortality either directly or indirectly: 
female aggression; the number, distribution, and density of females; and 
winter storms that flood the harems at peak season. 

An important variable affecting the maximum pup mortality rate is the 
size of the breeding unit in relation to the topography of the breeding site. 
At Ano Nuevo, if mothers and their pups can move inland to higher ground 
when surf and hie^h water threatens, such as occurs on larc^e island beaches 
or mainland breeding sites, the annual pup mortality rate is usually less 
than 10% of pups born. If, however, iherc is no fallback position, due to 
wave cut platforms or high clilfs, the pup mortality rate may rise to 75 to 
100% (Le Boeuf and Condit 1983; Stewart and Yochem 1991). On north- 
ern elephant seal island colonies, where the pup mortality rale has been 
monitored closely, the annual rate is usuall\ in the range of 10 to 40% i Le 
Boeuf and Reiter 1991; Huher, Beckham, and Xisbct 1991). In the southern 
species, it has been recorded at 2 to 6% on average (Laws 1953^; Condy 
1978). It is higher in unta\oral)le conditions. Thus, at South Georgia, in 
some situations on land at the beginning of the season, jjups melted deep 
holes in the snow, which prevented them from sucking and r( suited in mor- 
tality as high as 30%. Mortality (80%) was associated with ice-breeding 
colonies at Signy Island due to breakup of the fast ice in storms (Laws 
1953*). 

Nursittg and Adoption. Most females nurse their own pups exclusively 
until iveaning; however, some females that lose their own pups adopt orphans 
and raise them as they would their own. In a study by M. L. Riedman and 
B. J. Le Boeuf (1982) at Ano Nuevo, 5% of the orphans reunited with their 
mothers, 27% were adopted or frequently cared for by foster mothers, and 
68% remained orphaned and died. Since >oung, inexperienced females 
most often lost their pups, they were the ones most likely to foster an 
orphan. Usually, they adopted pups that were the same age as those they 
had lost. Adoption of a single pup was most common, but pupless females 
also attempted to steal suckling pups, adopted a weaned pup, adopted two 
pups, or indiscriminately nursed any orphan that approached. Nursing be- 
tween unrelated cows and pups has been observed in southern elephant 
seals, but it is unusual. Orphaned pups that attempt to steal milk are usu- 
ally unsuccessful (McCann 1982). 

At Ano Nuevo, a few **superweaners** may be produced when pups are 
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suckled by two "mothers" or arc adopted by a puplcss female after being 
weaned by their own mother (Reiter, Stinson, and Le Boeuf 1978; Le Boeuf 
1981). These weanlings may attain twice the mass of normal weanlings. In 
addition, some weanlings attempt to steal milk from nursing females by 
stealth or perseverance; the majority of these milk thieves are males. 

Philopatry and Site Fidelity. Like most other pinnipeds and many terrest- 
rial mammals, most female elephant seals give birth on the rookery where 
they were bom in roughly the same site from year to year. Seventy-one per- 
cent of the females born at Ano Nuevo during the 1970s returned to give 
birth there for the first time (Reiter, Panken, and Le Boeuf 1981). The rest 
moved to adjacent rookeries as their birth site became crowded (Le Boeuf, 
Ainley, and Lewis 1974). Similarly, 70% of females monitored returned to 
give birth at the original site the following year. Movement to a new site 
was associated with failing to wean a pup or high density of breeding 
females. SimilaiK, D. G. Nicholls (1970) reported thai at Macqiiarir Is- 
land, 77% ot branded cows up to 11 years old were found brccdiiii^ within 4 
km of their birth site, and Hindell and Little (1988) reported two 23-year- 
old cows breeding within 1 km of their birth site. 

FASTING: A KEY LIFE HISTORY TRAIT 

Fasting on land is an integral part of liie life history strategy of elephant 
seals (Bartholomew 1970). Consider the breeding bull. Clumping of females 
into groups enhances the potential lor polygyny (Emlen and Oring 1977). 
An alpiia bull that can keep others away from a group of females will mate 
with many females and sire many offspring. pro\ ided that he remains near 
the females night and day keeping competitors away. If he has to make 
periodic trips to sea to feed, other males will mate in his absence. Clearly, 
the mating success of a male that dominates his eompelitors will depend on 
the length of his uninterrupted tenure on the rookery during the mating 
season. Breeding males fast for over 100 days while figluing for social rank 
and competing for mates (Le Boeuf 1974; Wilkinson and Bcster 1990; 
Dcutsch et al., this volume; Clinton, this volume). 

Fenuiles last while nursing, which provides numerous advantages. By 
not having to feed while nursing, as sea lions and fur seals do, an elephant 
seal transfers a great deal of milk energy to her pup in a short time (Costa 
et al. 1986; Fedak et al., this volume). This frees the mother to prepare for 
future offspring, to forage on her own without encumbrance. 

Fasting is imposed on weaned pups by the departiure of the mother. 
They fiut while learning to swim and dive before embarking on a trip to sea 
to find food (Reiter, Stinson, and Le Boeuf 1978; Thorson and Le Boeuf, 
this volume). 
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To reap the benefits of fasting, elephant seals must be able to accumu- 
late sufficient energy during their long trips to sea, they must have an enor- 
mous capacity to store fat, and they must economize this energy store while 
on land. Evidently, they have no problem satisfying the first two require- 
ments (Laws 1953/); Le Boeuf et al. 1988; Le Boeuf, this volume; Fedak et 
al., this volume). We emphasize some behaviors that minimize energy ex- 
penditure on land. 

When elephant seals are not fighting, mating, nursing, or learning water 
skills, as in the case ctf newly weaned pups, they sleep. Sleep does not follow 
a diel pattern. It occurs at all hours but especially during the heat of the 
day. Among breeding males and nursing females, it is clearly opportunistic. 
Moreover, elephant seals undergo long apneas during sleep lasting up to 25 
minutes (Blackwell and Le Boeuf 1993; Castellini, this volume). This aperi- 
odic pattern of breathing is one of several ways to economize water and 
save energy (see also Huntley, Costa, and Rubin 1984). Since a major ave- 
nue of water loss is through respiration, reducing the number of exhalations 
by breath hoidinc; during sleep reduces water loss. This means a reduction 
in lipid metabolism, the sole source of water for a fasting seal (Ortiz, Costa, 
and L.c Boeuf 1978). 

Besides serving as an energy reserve and a source of water during long 
fasts, the fat stores, or blubber, provide insulation agamst the cold both on 
land and at sea. Conversely, overheating as a result of active movement is 
minimized in seals by a countercurrent system in the uninsulated flippers. 

FORAGING 

Elephant seals exhibit long, deep, and nearly continuous diving at sea (Le 
Boeuf ct al. 1986, 1988, 1989; Hindell, Slip, and Burton 1991; Boyd and 
Ambom 1991; Stewart and DcLong 1991). Foraging occurs during these 
journeys that take them long distances from their rookeries. Prey, foraging 
locations, and the unusual diving pattern of both species are subjects of 
much current interest and intensive study (e.g., Hindell, Burton, and Slip 
1991; DeLong, Steivart, and Hill 1992; McConnell et al. 1992; Bester and 
Pknsqppouw 1992); these topics are treated in detail in several chapters in 
this volume (chaps. 5, 11, 13, 14, 15, 16, and 20). 

PREDATION 

The major predators on elephant seals are white sharks, Carekandon carc/utr- 
iaSf and killer whales, Ona orcimu (Laws 19536; Ainley et al. 1981; Le Boeuf, 
Riedman, and Keyes 1982). Shark attacks on northern elephant seals have 
been observed throughout the breeding range. White sharks kill elephant 
seals near the surface, victimizing both sexes and all age groups, including 
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the largest bulls. At the Farallon Islands, near the mouth of San Francisoo 
Bay, white shark predation is restricted to juveniles during the fall haul-out 
and is localized in the zone of shallow water (< H m) within 0.4 km of the 
island (Klimley et al. 1992). At Ano Nuevo, peak attacks on elephant seals 
occur in December and Januan,-, and breeding age males are most frequent- 
ly victimized (Le Boeuf, Riedman, and Keyes 1982). The contribution of 
white shark predation to total mortality at sea is unclear, but the diving be- 
havior of elephant seals in the high-risk zone, moving to and from the Ano 
Nuevo rookery over the continental shelf, suggests selection for predator 
avoidance (Le Boeuf and Crocker 1993). Predation by killer whales has 
been documented less frequently than predation by sharks (Laws 19536; M. 
Pienon, pers. observ.). Leopard seals, Hydrurga leptonyx^ will occasionally 
take a southern elephant seal but cannot be classed as an important pred- 
ator (Laws 19536). 

The cookiecutter shark of the genus Isistius bites out circular chunks of 
skin and blubber the size of a tennis ball from northern elephant seals in 
the southern part of their range, but since the craterhke injuries arc not 
lethal, this is more a matter of parasitism than predadon (Le Boeuf^ 
McCosker, and Hewitt 1987). 

Historically, man has been the major predator on both species of 
elephant seals, killing them for their oil. The history of sealing in the South- 
ern Hemisphere is reviewed by Laws (this volume) and W. N. Bonner 
(1982); the decline in numbers and the virtual annihilation of northern 
elephant seals due to sealing is reviewed by G. A. Bartholomew and C. L. 
Hubbs (1960) and B. C. Busch (1985) and addressed in chapter 2 of this 
volume. 
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ABSTRACT. Thc iMNrtheni elephant seal, Minunga angusHnstris, was presumed exdnct 
fay 1892 owing primarily to ctHnmerdal harvesting for their Uubber oil that began 
in the early 1800s. A small, residual breeding cdony survived, however, and with 
legal (Motection from Ibrdier huntuig, it grew rapidly tfaroujg^ die eariy 1900s. Im- 
migrants steadily colonized other island and mainland sites in Baja California and 
California so that by 1991 seals were breeding on fifteen islands and at three main- 
land beaches. Sixty-four percent of 28,164 northern elephant seal pups bom in 1991 
were produced on two southern California Channel Islands, San Mitjucl and San 
Nicolas. The entire elephant seal population was estimated to number around 
127,000 in 1991 and was apparently still increasing by more than 6% annually. Thc 
remarkable demographic vitality and sustained population increase of northern 
dephant seals has evidently been unaffected by the species' low genetic variability 
and contrasts with recent declines of some populations of the more genetically poly- 
nuMTphic southern elephant seal, M. Uomna. 

Few, if any, living species today have been so deeply scored, so driven to 
the very brink of extermination — L. M. Huey (1930) 

Numerous terrestrial and marine species, like the northern elephant seal, 
experienced great population reductions in the nineteenth and twentieth 
centuries. But the single remarkable fact about the history of the northern 
elephant seal population is that despite only narrowly averting extinction, it 
rebounded with an unparalleled, century-long period of exponential in- 
crease (see, e.g.. Reeves, Stewart, and Leatherwood 1992 and McCullough 
and Barrett 1992 for reviews of trends in pinnipeds and other vertebrates). 
Here we briefly review the population reduction and document its impres- 
sive recovery. We focus on number of births as an index of growth during 
the past three decades and estimate current population size. 

29 
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PREHISTORY 

Northern elephant seals lived in California waters by the late Pleistocene, 
evidently derived from monachine ancestors {Callophoca group) that entered 
the Pacific Ocean from the Caribbean through the Central American Sea- 
way in the early Pliocene (Hendey 1972; Barnes and Mitchell 1975; Repen- 
ning, Ray, and Grigorescu 1979; de Muizon 1982). Little is known about 
their distribution during the Pleistocene when dynamic eustatic changes 
(Orr 1967; Vedder and Howell 1980) both greatly increased and decreased 
shoreline habitat available to pinnipeds, but ardiaeological remains show 
that elephant seals were in southern California waters when humans colo- 
nized the region over 15,000 years ago (e.g., Walker and Craig 1979; Sneth- 
kamp 1987; Bleitz 1993). Relatively large numbers of aboriginals lived on 
most of the California islands through the early nineteenth century, using 
the diverse marine resources on and near the islands for food, clothing, and 
housing; elephant seals and other pinnipeds were particularly important to 
aboriginal subsistence (Meighan 1959; Reimnan 1964; Glassow 1980; Ste- 
wart et al. 1993). 



COMMERCIAL EXPLOITATION 

ElcpliaiU seal, sea otter, whale, and fur seal hunters operaK^d on and 
around the California islands lnjin the early 1800s through the 1860s 
(Scammon 1870, 1874; Ogdcn 1933, 1941), but they left few records of 
northern elephant seal harvests. By 1850, northern elephant seals were 
scarce (Scammon 1870, 1874); it was not until 1866 that northern and 
southern elephant seals were scientifically recognized as taxonomically dis- 
tinct (Gill 1866; but see Stewart and Huber 1993). 

What we know to be incontrovertible about northern elephant seak in 
the early and mid- 1800s is the following. Their distribution and abundance 
prior to 1840 is unknown. A few northern elephant seals were killed by seal- 
ers at Islas Los Coronados in 1840 and 1846, at Santa Barbara Island in 
May 1841, and at Cedros and Guadalupe islands in 1846 (Busch 1985). 
Scammon made a disappointing sealing expedition along the California 
coast in 1852; during a 5-month period he collected about 350 barrels of oil 
(Scammon 1874), probably the equivalent of around 100 to 200 adult ele- 
phant seals (see Busch 1985). Another 10-month expedition in 1857 met with 
even less success. Between 1865 and 1880, only a few elephant seak were 
reported at Isla de Guadalupe and Islas San Benito. Because all were killed 
as they were encountered, the species was considered extinct by the late 
1870s (Townscnd 1885). But in 1880, a small herd was discovered on the 
Baja California mainland south of Isla Cedros, at Bahia San Cristobal (Bg. 
2.1). Over the next four years, all 335 seals that were seen were killed by 
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Ficf. 2.1 Location of northern »"lf'phant seal rolonie<? in 1991 (closed circles) and 
Other alleged historical rookeries (open circles) in U.S. and Mexican waters. 

the crews of six ships that visited the beach regularly, mostly in autumn. 
Three years later, in 1883, 80 elephant seals were found and killed at Isla 
de Guadalupe, and 4 were IdUed there in 1884. The species was again con- 
sidered extinct, and no elephant seals were seen until May 1892, when C. H. 
Townsend and A. W. Anthony discovered 9 at Isla de Guadalupe; 7 of 
them were killed for the Smithsonian's museum collection (Townsend 1912; 
Anthony 1924). "This action was considered justifiable at the time, as the 
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Species was considered doomed to extinction by way of the sealer's trypot 
and few if any specimens were to be found in the museums of North Amer- 
ica" (Anthony 1924: 146). The species was again presumed extinct, for the 
third time. But small numbers continued to show up at Isla de Guadalupe 
through 1911, and museum collectors continued to kill them: 4 in 1904 
(Townscnd 1912) and 14 of 40 on May 26, 1907. "This was a severe stroke 
dealt to a struggling species, but the appetite of science must be satisfied" 
(Huey 1930: 189). Townscnd returned to Isla dc Guadalupe on March 2, 
1911, and killed 10 more seals but this time left 125 alive on the beach; on 
his return voyage to San Diego he searched for elepharu seals at Bahia San 
Cristobal, Islas San Benito, and Isla Gedros but found none (Townsend 
1912). 

G. A. Bartholomew and C. L. Hubbs (1960), based on their interpreta- 
tions of published counts of seals from the early 1900s, estimated that the 
total population in 1890 numbered fewer than 100 animals and speculated 
that it may have been as small as 20. The actual number of elephant seals 
that were present during the population bottleneck (or bottlenecks) in the 
1800s and early 1900s is unknown because of the following flaws in sight- 
ings reports: (1) in most cases, the dates of sightings were not reported; (2) 
many sightings for which dates were provided were during the nonbrccding 
season; and (3) the age and sex composition of the seals observed was not 
determined. This information is vital because the number of seals on land, 
as well as the composition with respect to age and sex, varies greatly with 
time of year (Bartholomew 1951; Lc Bocuf and Bonnell 1980: Stewart 
1989). For example, when Townscnd (1912) visited Isla de Guadalupe on 
March 2, 191 1, and left 125 seals alive, it would lui\ c be en at the end of the 
breeding season. At this time, some adult males should have been present, 
but nearly all females should already have returned to sea, leaving their 
weaned pups behind. Townsend noted that the herd consisted mostly of 
laige males and immature animals of various sizes but that there were more 
than 15 adult females and 6 newborn young present. The photographs he 
took, however, show that most of the other **inmiature'* seals were weaned 
pups, and it is likely that most of the seals ashore were actually molted 
pups-of-the-year (i.e., about 2 months old). He, like other early authors, 
also concluded erroneously that early March was the banning of the 
breeding season, rather than the end, which emphasizes just how litde 
was known about the natural history of elephant seals before George 
Bartholomew began his pioneering work on the species in the 1940s (e.g., 
Bartholomew 1952). 

R^ardless of whether the botdeneck population numbered in the tens or 
perhaps low hundreds, the important point is that the thousands of 
elephant seals alive today are all descendants of that small remnant herd. 
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INITIAL RECOVERY: 1900-1965 

Northern elephant seals bred only at Isla dc Guadalupe from the late 1890s 
through the 1920s. The colony grew steadily, despite sporadic poaching and 
scientific collecting (Bartholomew and Hubbs 1960). That early i>eriod of 
increase was chronicled by VV. Rothschild (1908, 1910), C. M. Harris 
(1909), C. H. Townsend (1912), A. W. Anthony (1924) and L. M. Huey 
(1924, 1925, 1927, 1930) and thoroughly reviewed bv Bartholomew and 
Hubbs (1960). On July 12, 1922, when mostly adult males were ashore 
molting, 264 seals were counted; a few months later, the Mexican govern- 
ment declared Isla de Guadalupe a biological reserve, and the seals were 
afforded protection from harassment and poaching (Hanna 1925). From 
that time on, elephant seals expanded their range; K. W. Radford, R. T. 
Orr, and C. L. Hubbs (1965) reviewed observations of seasonal migrants 
during the early 1900s along the coast from San Diego to southeastern Alas- 
ka. Other sightings were reviewed by Bartholomew and Hubbs (1960); 
seals were first seen on Islas San Benito in 1918, San Miguel Island in 
1925, Los Coronados and Santa Barbara Island in 1948, San Nicolas Island 
in 1949, and Ano Nuevo Island in 1955. Breeding evidently began in the 
1930s at Islas San Benito, in the early 1950s at San Miguel, San Nicolas, 
and Santa Barbara islands (Bartholomew and Boolootian 1960; Odell 1974; 
Stewart 1989), and in 1961 at Ano Nuevo Island (Radford, Orr, and Hubbs 
1965). 

From published and available unpunished counts, Bartholomew and 
Hubbs (1960) estimated that the total population numbered approgdmatdy 
13,000 in 1957 and approximately 15,000 in 1960, with about 91% of the 
population residing at Isla de Guadalupe, 8% at Islas San Benito, and 1% 
on the Channel Islands. 



RECENT TRENDS AND PRESENT STATUS: 1965-1991 

Documentation of the population's recovery improved as more became 
known of the seasonal patterns of terrestrial abundance in the 1950s and 
1960s. Table 2.1 lists births at each rookery from 1958 through 1991. The 
methods used varied slightly among colonies (see appendix 2.1), but all 
yielded estimates of births cither from combined direct counts of suckling, 
weaned, and dead pups or derived from corrected counts of adult females 
made during peak breeding season (late January). Most pup counts were 
made on foot in February, after most births had occurred but before pups 
had left the rookeries. Some Mexican beaches with difficult access were sur- 
veyed from boats. The data for the three islands of Islas San Benito are 
combined in table 2.1 because of their closeness to each other; data for Ano 
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Nuevo Island and Ano Nucvo mainland are combined for the same reason. 
From the data in table 2. 1, we conclude the following. 

The total elephant seal population, as reflected by births, increased 
6.3% annually finite rate of increase, A, where A = e'; see appendix 2.2) 
from 1965 through 1991 (rB.061; R^, the coefficient of determination 
S.947; p, the significance of slope # 0, <.0Ol; see appendix 2.2). G. F. 
Cooper and B. S. Stewart (1983) calculated its increase at 8.3% firom 1965 
through 1977. The lower rate that we calculated here for the entire period 
(1965-1991) is evidently due to the lack of any apparent increase in Mexico 
since 1970. Growth of the total population from 1965 through 1991 was due 
primarily to growth at California rookeries, where births increased 14.1% 
annually (r= .132, R2 = .901, p<.001), only slightly less than bom 1965 
through 1982 (A= 1.145; Cooper and Stewart 1983). 

Births increased slightly in Mexico between 1965 and 1970 but have not 
changed since then (fig. 2.2; slope of regression of births on time = 0, 
p= .903; see appendix 2.2). D. W. Rice, K. VV. Kenyon, and D. Lluch B. 
(1965) suggested iliat carrying capacity of the Isla dc Guadalupe rookery 
was reached by 1960. Counts made since then at the largest breeding 
beaches at Isla de Guadalupe support that conclusion; virtually all breed- 
ing space is now occupied and crowded durinp; peak breeding sea«?on ( J. P. 
Gallo-Reynoso and \. F^gueroa-Carranza, unpubl. data). Because there are 
few recent counts at Islas San Bcniio, the trends on these islands are less 
clear (table 2.1). However, surveys of the central island (the easiest of the 
three to census and the site at which the data arc most complete) show 
steady growth since 1970 f B. J. Le Bocuf, unpubl. data; B. S. Stewart, un- 
publ. data; J. P. Gallo-Reynoso and A. Figueroa-Carranza, unpubl. data). 
Births almost tripled from the early to mid-1970s (table 2.1). The central is- 
land accounted for 28.1, 37.2, and 45.1% of births on the entire island 
group in 1970, 1977, and 1980, respectively. If we assume that the 1,666 
pups produced on the central island in 1991 accounted for 37% of the total 
pup production in that year, then the rookery produced 4,500 pups in 1991 
and the colony is evidently still increasing. This is our tentative conclusion, 
but we must be guarded about the accuracy of the estimate. Some of the in- 
crease of central island numbers may have resulted from movements of 
seals from the west island where tourist and fishing activities have increased 
during the past two decades. Despite the increases at Isla Gedros and Islas 
San Benito, the Mexican population has not changed substantially during 
the past two decades, evidendy because births at Isla de Guadalupe have 
declined, after peaking in the late 1960s (table 2.1). 

The rapid increase in births at San Miguel Island, the laigest ool<my in 
the species' range, accounts for most of the growth in California. Elephant 
seals bred only at the western tip of the island in 1968 (Le Boeuf and Bon- 
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Fig. 2.2. Growth of the northern elephant seal population as reflected fay burths. (A) 
Increases in births at San Miguel Island (SMI), San Nicolas Island (SNI), and Ano 
Nuevo Island and mainland combined (AN). (B) Growth of the entire northern 

elephant seal p>opulation. California segment, and Mexican segment. An intense El 
Nino atTectcd North Pacific waters from late 1982 through 1983 (see text for details 
of immediate and delayed effects on northern elephant seals). 
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nell 1980; R. L. DeLong, pers. obscrv.). In subsequent years, breeding 
groups appeared fSaurther east, so that by 1980, seals were breeding along the 
entire southern coast (Stewart 1989, 1992). Sume of the northern beaches, 
however, are unused still. Births increased 9.3% annually (r=.089, 
R2=.963, p<.001) from 1963 through 1991; that growth and the coinci- 
dent eastward expansion of breeding led to the coloni/.ation of Santa Rosa 
Island in 1985 (Stewart and Yochem 1986). Growth at San Nicolas Island 
(the second-largest colony), where expansion has followed patterns similar 
to those at San Miguel Island (Stewart 1989, 1992), has also been rapid 
(A= 1.158, r=.147, R2 = .976, p<.001). The brief decline in California 
births in 1985 was evidently due to poor recruitment of pups (owing to poor 
survival or retarded maturation or both; Huber, Beckham, and Nisbet 
1991; Lc Boeuf and Reitcr 1991; B. S. Stewart, unpubl. data) that were 
burn just before and durint^ the 1982-1983 El Nino Southern Oscillation 
e\ent. Pregnancy rates declined temporarily at some rookeries in 1984 and 
1985 but there is no cvidoncr that adult survival changed as a result of this 
intense oceanographic perturbation (Huber, Beckham, and Nisbet 1991; Le 
Boeuf and Reitcr 1991). 

Many new colonics formed in the last three decades, inclucliiig at least 
three in Mexico. Elephant seals ha\ r c Icarly ostablishrd brcocling colonics 
on Isla Cedros and Islas Los Coronados. Births increased eightfold at Isla 
C^edros, an island that could sustain inaiu more seals. Breeding space is 
limited on Islas Los Cloronados, so can\ing capacity has evidently been 
reac hed. Pups ha\e been born on Isla Nali\ idacl. but monitoring of this is- 
land lias been poor. At least two pups were produced on Isla San Martin 
(not shown in table 2,1) in 1978 (Le Boeuf and Mate 1978), but heavy hu- 
man traffic on this island may preclude future growth. 

California has at least six colonies that were founded since 1960. The 
San Glcmcnte Island and the Santa Rosa Island colonies are in southern 
California. The other four colonies are in Central California; Cape San 
Mardn/Gorda and Point Reyes Headlands are mi the mainland, the Ano 
Nuevo colony occupies both a small island and the immediate mainland, 
and the South Farallons colony is on an island {Gg. 2.1). Ano Nuevo Island 
reached carrying capacity in the late 1970s with annual production slighUy 
under 1,000 pups. The colonization of Point Reyes Headlands in 1981 
(Allen, Peaslee, and Huber 1989) is evidendy linked to growth of the Ano 
Nuevo and South Farallon Islands colonies. Births are still increasing at 
Ano Nuevo and at Point Reyes Headlands. The recent explosive increase in 
births on beaches near Cape San Mardn/Gorda is difficult to explain. Pups 
were first bom in the area on a small, steep-backed gravel beach about 
1 km north of Cape San MartSn in 1981 or perhaps 1980. Breeding was 
restricted to that exposed site until 1989 when seals abandoned it and be- 
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gan using a longer gravel beach about 2 km south near Gorda. The better 
protection of that site against winter storms and surf was evidently more 
attractive to pregnant females, as indicated by the fourfold increase in 
births in the past two years (uble 2.1). 

COLONIZATION PROCESS, IMMIGRATION AND EMIGRATION 

Births increased rapidly follo%ving colonization of all sites (table 2.1, fig. 
2.2), and several colonies are still in this incipient growth stage. Immi- 
grants from Isla de Guadalupe almost certainly colonized the other islands 
in Mexico and those in southern California. Our observation of the move- 
ment patterns of tagged seals during the past three decades (Condit and Le 
Boeuf 1984; B.J. Le Boeuf, unpubl. data; B. S. Stewart, unpubl. data) sup- 
post that idea and also indicate the following: Ano Nuevo was colonized by 
immigrants from San Miguel Island and to a lesser extent, immigrants from 
San Nicolas Island; the South Farallon Islands were colonized by immi- 
grants from San Miguel, San Nicolas, and Ano Nuevo islands (Le Boeuf, 
Ainley, and Lewis 1974; Huber el al, 1991). Some rookeries established in 
the 1980s were colonized by seals from neighboring rookeries. For example, 
Point Reyes Headlands was initially colonized by seals from the South 
Farallon Islands and Ano Nuevo, and only recently have immigrants from 
San Miguel and San Nicolas islands been observed there (Allen, Peaslee, 
and Huber 1989; S. G. Allen, unpubl. data). 

Some northern rookeries (e.g., Ano Nuevo) in the expanding part of the 
range apparently still owe their growth more to a hitjh immigration rate 
than to internal recruitment (which fuels most of the i^rowth at rookeries at 
San Nicolas and San Miguel islands). Reproductive success of females at 
Ano Nuevo has not been sufficient to account for the increases there (Le 
Boeuf and Reiter 1988). San Miguel Island seems to l>e the main source of 
immigrants. Immigration is also the primary cause of growth at the South 
Farallon Islands colony (Huber ci al. 1991), where immigration rales from 
Ano Nuevo, San Miguel Island, and San Nicolas Island were 3.9, 1.9, and 
0.6%, respectively, between 1974 and 1986. These immigration rates were 
positively correlaicci wiih pio.\iniii\ lo the South Farallon Islands. 

Seals began colonizing new areas before carrying capacities were reached 
at most natal beaches. For example, Channel Islands colonists began 
breeding at Ano Nuevo Island at least 20 years before San Miguel or San 
Nicolas Island habitats became crowded (see Orr and Poulter 1965; Ste- 
wart 1989, 1992). Similarly, Ano Nuevo Island colonists began breeding at 
the South Farallon Islands and at Ano Nuevo mainland 6 to 8 years before 
the island reached carrying capacity (see Le Boeuf, Ainley, and Lewis 1974; 
Reiter, Panken, and Le Boeuf 1981; Le Boeuf and Reiter 1991). 
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TOTAL POPULATION SIZE 

The dynamic age structure of the northern elephant seal population (e.g., 
Huber et al. 1991) hinders accurate predictions of present population size 
from pup counts or of total seals hauled out at any time. Estimates of births 
are, however, useful for estimating rate of change in population size, 
although such calculations have problems (e.g., see Berkson and DeMaster 
1985). Despite some obvious shortcomings, we use pup counts as a conve- 
nient index of population growth because superior measures of life history 
parameters are not available for each rookery. 

Total population size may be about 3.5 to 4.5 times births (e.g., Hewer 
1964; Bonner 1976; Harwood and Prime 1978, Stewart 1989). For compar- 
ison with southern elephant seals (Laws, this volume), we use T. S. 
MoCann's formula and multiply births by 3.5 to estimate total population 
size at the end of the breeding season, exclusive of pups (McCann 1985). 
From table 2.1, we multiply 3.5 times the 28,164 pups bom in 1991 to 
obtain the estimate of 98,574 elephant seals older than pups in the entire 
population in 1991. If the young of the year are added to this figure, there 
were approximately 127,000 elephant seals in existence in early spring 
1991. 

In 1991, Mexican rooker ies contributed 25,5% of all births and Califor- 
nia, 74.8%; San Miguel Island alone produced nearly half (49.3%) of all 
elephant seal pups. The world total of southern elephant seals in 1991 
(Laws, this volume) was roughly 6.8 times larger than that of northern 
elephant seals. 

FUTURE GROWTH 

The northern elephant seal has lived in eastern North Pacific waters for at 
least several hundred thousand years. Their occurrence and apparent vital- 
ity in these waters today is remarkable considering their fortuitous emer- 
gence in the twentieth century after fiidng extinction in the nineteenth cen- 
tury. There seem to be few barriers to the species* continued population 
growth and range expansion. In the immediate future, growth of the 
population will probably be determined primarily by events on southern 
California rookeries. Growth at San Nicolas and San Miguel islands will 
almost certainly slow as the limited remaining habitat becomes occupied 
and as crowding on those islands constrains reproductive success. The new 
colony at Santa Rosa Island, however, has substantial breeding beach habi- 
tat that could support continued rapid growth in California. Neighboring 
Santa Cruz Island also offers some additional habitat, although of poorer 
quality than at Santa Rosa Island. The seals may also continue their north- 
ward expansion. They are now hauling out at Cape St. George in northern 



Copyrighted matsrial 



STATUS OF NORTHERN ELEPHANT SEAL POPULATION 



41 



California, at Cape Arago in Oregon, and on Vancouver Island in British 
Columbia. Recent information on seasonal movements and foraging loca- 
tions of northern elephant seals (see DeLong, Stewart, and Hill 1992; Ste- 
wart and DeLong 1993; Stewart and DeLong, this volume; Le Boeuf, this 
volume) suggests that eventual breeding at these sites is quite plausible. 

M. L. Bonnell and R. K. Selander (1974) found that northern elephant 
seals were homozygous at 23 loci coding for 20 blood allozv'mes and sug- 
gested that this was due to a loss of genetic variability when elephant seals 
were reduced to small numbers in the 1800s. Recent research on nuclear 
and mitochondrial DNA (Hoclzcl et al. 1991; Lehman, Wayne, and Stewart 
1993) reaffirms the earlier findings of low heterozygosity, although these 
studies revealed greater levels of variability than th( clectrophoretic analy- 
sis of blood allozymes did. Reduced genetic variahiiuN may compromise the 
population viability of some species of mammals (e.g., O'Brien et al. 1985; 
O'Brien et al. 1987), but many other species have persisted for a long time 
despite population botdenecks, founder events, isolation, inbreeding, and 
low levels of genetic variation (e.g.. Gill 1980; Nevo, Beilcs, and Ben- 
Shlomo 1984; Gilbert et al. 1990; Benirshke and Kumamoto 1991; Wayne 
ct al. 1991). A lack of substantial genetic variability has not limited the 
phenomenal population recovery of northern elephant seals. Indeed, their 
recovery contrasts ironically w ith the recent decline of some populations of 
the closely related southern elephant seal (Laws, this volume), which is 
genetically more polymorphic (McDermid, .\nanthakrishna. and Agar 
1972; Hoelzel et al. 1991). The consequences of low genetic variability for 
future population growth of northern elephant seals are unpredictable. 

APPENDIX 2.1 

Field Data Collection Methods 
Survey methods diffinred slightly among rookeries as described below due to 
differences in colony size, dispersion, and logistical constraints. Nonethe- 
less, our studies produced annual estimates of births and, in most cases, 
neonatal mortality at each colony. 

San Miguel Island, Each year in late February two or three people 
walked among and counted weaned, suckling, and dead pups at all beaches 
on SMI. Observers' counts of live pups were compared after each relatively 
small group (<100) was counted; counts usually differed by less than 2%, 
but if the tallies differed by 5% or more, the group was counted again. In 
this way an entire cohort of pups distributed along approximately 30 km 
of shoreline could be surveyed in two or three days. 

San Nicolas Island. Each breeding season, surveys were made every one 
to two days at three sites and once each week at all breeding sites along the 
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35 km of coastline of SNI. Weaned and suckling pups were tallied two or 
three times during each survey, and dead pups were marked and mapped 
to ensure that those that died prior to weaning were accounted for but none 
more than once. The number of births and pup deaths was determined for 
each breeding site and summed at the end of the season to determine total 
annual production. 

Santa Rasa Island and Santa Barbara Island. The numbers of live pups pre- 
sent on SRI and SBI were determined by photographing them during ae- 
rial surveys in late January. These counts were corrected to estunate each 
year's births according to seasonal phenology of births documented by Ste- 
wart (1989). Pup mortality was not determined. 

Cape San Martin. Nursing, weaned, and dead pups were counted 
periodically in January, February, or early March each year at various 
small beaches within 2 km of Gape San Martin beginning in 1981. Pre- 
weaning mortality could not be determined accurately. 

Ano Nuevo. Most estimates of births were derived from daily or weekly 
counts during the breeding season of all seals present; those counts included 
dead, suckling, and weaned pups. In some circumstances births were esti- 
mated as follows: (1) counts of females present at ANI and ANML in late 
January were first adjusted to account for those that had already left the 
rookeries and for those that had not yet arrived to provide an estimate of 
the number of females that visited during the breeding season; (2) 98% of 
the females estimated to have hauled out were assumed to have given birth. 
Prior to 1980, all or most pups that died were accounted for by removing 
them fixim breeding aggregations or marking them with paint or dye. Since 
1980, preweaning mortality on the island has been estimated as follows: (1) 
weaned and suckling pups were counted on March 1 or 2 to yield an esti- 
mate of pups weaned for the season; (2) mortality was then derived by 
subtraaing that estimate from an estimate of the number of females that 
gave birth during the season (as summarized above). Some estimates of 
births reported here (table 2.1) are corrections of those published earlier. 

South Farallon Islands. Prior to 1987, births were determined in several 
ways depending on breeding location at SFAR. Pup carcasses were re- 
moved from the nine breeding sites whenever possible. At sites that were 
not washed by high tides, all deaths were accounted for because all females 
that gave birth, and their pups, were marked with hair dye. At other sites, 
observations of a female's appearance (i.e., blood on her hind quarters) or 
behavior were used to determine if newborn pups had disappeared (and 
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presumably drowned) undetected during high tides or stoims. Weaned 
pups were counted at the end of the breeding season and added to estimates 
of records of dead pups to derive an estimate of each season's births. 

Beginning in 1987, births at the primary breeding site were determined 
as foUaws: (1) a peak count of females was made in late Januan^; (2) based 
OR reproductive characteristics of tagged females observed during the sea- 
son, 93.2% of the females present during the peak count were assumed to 
have given birth; and (3) the estimate was adjusted to account for females 
that had departed already or had not yet arrived. Pup mcMttality was esti- 
mated indirecdy by subtracting the number of weaned pups counted in late 
February from the estimate of births derived from the peak season female 
count. Births and pup deaths at the other eight breeding sites were deter- 
mined by monitoring all females that were present and that were uniquely 
marked with hair dye. 

Point Reyes HeadUmd, Counts of live and dead pups were made at least 
weekly from blufis overlooking beaches along the Point Reyes Headland. 
Estimates of pup deaths are rough minima because some carcasses prob- 
ably washed out to sea undetected between observations. Estimates of 
births were made by adding the peak count of live pups to estimates of 
deaths that occurred prior to that count. 

Aiexkan Islands. Surveys were made opportunistically on foot or from 
skiffi nearshore from 1968 to 1991 at IG, ISB, IC, and at other small 
rookeries in Mexico (fig. 2.1, table 2.1). Complete surveys of Isla de Guada- 
lupe's west side were rarely made because of rough island terrain and heavy 
seas near the coastlines. We report only counts made near the end of the 
breeding season when nearly all births had occurred but when few pups 
had departed the rookeries. 



APPENDIX 2.2 

Analyses of Rates of ChanjJe of Elephant Seal Births 
We calculated observed rates of increase (r=iiUrinsie rale oi increase) in 
births by linear regression (Zar 1974). We examined the fit of an exponen- 
tial model, Loge number of births regressed on time where r is the slope of 
the regression line (Caughley and Birch 1971; Caughley 1977). We present 
the coctTicirnt of determination (= lo distinguish it from rate of increase) 
to describe the proportion of the total variation in births that is accounted 
for by lime. For comparative purposes, we convert exponential rates (r) 
to finite rates (e'" = A; Caughley 1977: 6). When the exponential model fit 
poorly, we used a linear model of births regressed on time. For both mod- 
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ds, we present the level of significance (p) at which we did (if p < .05) or 
did not (if p > .05) reject the null hypothesis that the slope of regressions 
did not differ firom zero. 
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History and Present Status of Southern 



ABSTRACT. Thc total world population of southern elq>hant seals in 1990 was esti- 
mated at 664,000. Of the three (or four) main stoda. South Georgia and Pdunsula 
Valdes account Ibr 60% of the total; Isles Kerguelen, 28%; and Macquarie Island, 
12%. The species was hunted ibr its oil in the eighteenth and nineteenth centuries 
and subsequently recovered under protection. The only large-scale industry this 
century was a government-licensed one at South Georgia, from 1909 to 1964, which 
was restricted U) adult males. The history and rational basis for this industry is de- 
scribed here, includini^ some efiects of sealing, population decHne trom 1931 to 1951, 
and subsequent recovery to sustained yield level under a reiearch-based manage- 
ment plan. Pup production was estimated, population models were drawn up, and 
the size of the South Georgia population in 1951 was calculated. A comprehensive 
survey in the 1985 breeding season indicated the same annual pup production as tor 
1951 and a population of 357,000 in 1990. Population models indicate that some 
75% of the adult male population is at sea during the breeding season, which has 
implications for aquatic mating of virgin females and nonpr^ant mature females. 

A literature review of other stocks examines various estimates of pup production 
by site and years between 1949 and 1990 and converts these by a raising factor to 
estimates of total population sizes by years. During this period, different stocks of 
southern elephant seals ha\c increased (Peninsula X'aldes, .\rgentina, by 14-4% 
since 1975); tiavc probably icniamcd :siablc alter rapid recovery from exploitation 
(South Georgia, 15% due to postexploitation recovery of the male stock); or have 
decreased dramatically at annual rates varying between 2.1% and 8% at different 
places and periods. Total percentage decreases since 1949 are estimated at 50% for 
Heard Isknd, 84% for Marian Island, 57% for Macquarie Island, 96% for Camp- 
bell Island, and 93% for Signy Island. 

This chapter sets thc scene for the more detailed discussions presented by 
those studying key colonies. Those discussions deal with the (actors re- 
sponsible for changes in population number and advance hypotheses to 
account for the precipitous decline of certain populations. 




Populations 



Richard M. Laws 
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Fig. 3.1. Breeding distribution of southern elephant seals in 1990. Ckud drdts: 
known breeding colonies (area proportional to the estimated population sizes except 
for colonies of less than 5,000). 0pm eircUs: probable small breeding populations. 
Fuller data are presented in table 3. 1 . 

In terms of numbers, the southern elephant seal, M, Uomna, is one of the 
more abundant seal species in the world. There are three main stocks, de- 
fined (Laws 1960) as the South Georgia stock, the Kerguelen stock, and 
the Macquarie Island stock (fig. 3.1). The first is the largest numerically 
and includes elephant seal breeding colonies in the Scotia arc (South Geor- 
gia, South Orkney Islands, South Shetland Islands, South Sandwich Is- 
lands) and Gough and Bouvet islands, together with South America and 
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the Falkland Islands. Although more recent infonnation indicates move- 
ments between South American and Falkland Islands elephant seal colonies 
(Laws, unpubl.), up to now no movements have been reported between 
them and the remaining colonies; so there may be four stocks. The second 
stock includes Kerguelen and Heard islands, Marion and Prince Edward is- 
lands, and lies Crozets. Sii^Ie births have been recorded at Amsterdam 
and St. Paul islands and South Africa (Laws 1960). Finally, the Macquarie 
Island Stock includes Macquarie Island, Campbell Island, Auckland Is- 
lands, and Antipodes Islands, and one birth has been reported from Tas- 
mania (Laws 1960). A very small number of births have abo been reported 
fit>m the Antarctic continent (Murray 1981). The centers of the three main 
Stocks are roughly 90° and 107° longitude apart, except in the Pacific Ocean 
sector (163**), which is devoid of suitable islands in the right latitudes and 
supports no breeding colonies. Genetic studies by N. J. Gales, M. Adams, 
and H. R. Burton (1989) reported on elephant seal blood samples from 
Heard and Macquarie islands that were examined for protein variation. 
They concluded that the two populations **may have diverged genetically, 
and a very limited gene flow exists between the islands, a finding consistent 
with limited information from maric-recapture studies" (57). It is likely that 
a similar division exists between them and the South Georgia stock. 

The sealers of the eighteenth and nineteenth centuries came first to hunt 
the more valuable fur seals for their pelts but did not ignore the larger spe- 
cies, which was hunted for its oil. The right whalers in southern waters also 
took elephant seals. As fur seals declined, the sealers concentrated more on 
elephant seals (Bonner 1982; Headland 1989). In his chronological list of 
Antarctic expeditions, R. Headland (1989) analyzed 930 voyages to the 
Antarctic between 1786 and 1928, the majority by U.S. (46.4%) and Brit- 
ish (19.1%) ships, and showed the frequency of sealing voyages by year. 
There were progressively lower peaks, separated by periods of partial recov- 
ery, about 1820, 1842, 1855, 1875, and 1906. The early voyages pnmarily 
took fur seals, which were hunted almost to extinction; the objective of the 
later voyages was primarily the elephant seal. It is not known how many 
elephant seals were taken during this period, but it was probably in excess 
of one million of both sexes, assuming thai the original populations totaled 
at least 600,000 to 750,000, as in this century (Laws 1960; McCann 1985). 
The scaling industry had virtually ended by 1909, and protection was sub- 
sequently conferred on most stocks, which recovered from the ovcrhuniing. 

The only large-scale elephant scaling during this century was the 
government-licensed industry at South Georgia between 1909 and 1964 (see 
Laws 1953fl, I960; Bonner 1958; and Headland 1984), although small num- 
bers were taken in other places, particularly Kerguelen, where 12,000 bulls 
were taken between 1958 and 1964 (van Aardc 1980). Over the course of 
sixty-five years, some 260,000 elephant seals, predominantly adult males, 
were taken at South Georgia (Headland 1984). The industry came to an 
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end in 1964 as a result of the collapse of the whaling industry at South 
Georgia; the sealing industry was on a firm sustainable yield basis. As will 
be shown, the size of the South Georgia elephant seal population in 1951, 
when government-controlled scaling was at its height, was similar to the 
size of the population in 1985, some twenty years after scaling had ended. 
However, the populations in the Kerguelen and Macquarie islands stocks 
declined steadily o\ cr forty years from 1950, even in the absence of sealing. 
It seems that the elephant seal population in Argentina has been increasing 
in rercnt years. 

Below I describe the recent history of twentieth-century sealing at South 
Georgia, because of its relevance to estimating abundance and trends, and 
what is known about population sizes this century in the three (or four) 
main stocks, which are considered separately. Estimates, updated to 1990, 
are given for the total world population of the species. 

SOUTH GEORGIA STOCK 

The Sealing Industry, J 910-1964 
The biolocrical basis underpinning rational exploitation of this species is its 
hitjhlv poiyt^ynous land-breeding behavior. The sexes are nearly equal in 
numbers at birlh, and a single adult male can ser\'e a large number of cows. 
In fact, the overwhelming majority of maiings are carried out by a very small 
minority of breeding bulls; according to M. N. Bester and I. S. Wilkinson 
(this volume), "'dominant bulks controlling the harems achieved over 98% 
of all matings." A large surplus of males can therefore be taken from the 
beaches without atieciing recruitment to the population. Polygyny has re- 
sulted in the socially mature male being on average about eight times the 
weight of the average breeding female (Laws 1984). As the scaling industry 
sought oil from the blubber, it was most convenient to take the bulls in the 
earlier part of the breeding season in the spring, when the oil yield is 
greatest. Because the larger males haul out first on the beaches, the sealers 
automatically selected the largest animals. Oil yields from autumn sealing 
are lower, and this practice was discontinued in the 1950s. 

To prevent recurrence of the former indiscriminate slaughter, the Falk- 
lands Islands government introduced the Seal Fishery Ordinance in 1899 
(improved by further ordinances in 1904, 1909, and 1921), with the inten- 
tion of placing the industry on a rational basis. The coastline of South 
Georgia was divided into four sealing divisions (and four reserves where no 
seals were taken). The divisions were generally worked in rotation, each 
year one of them being closed to sealing. Licenses to take a stipulated num- 
ber of adult male elephant seals were issued annually to the sealing com- 
pany. The first license was issued in 1909 to the oldest established whaling 
company at South Georgia, which held a monopoly until the 1%1-1962 
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season. There was no sealing in 1962-1963, and licenses were issued to a 
Japanese company for the last two seasons, 1963-1964 and 1964-1965. 
With the cessation of autumn sealing in the 1950s, scaling began early in 
September and ended about mid-November. The sealing methods are de- 
scribed in detail by me (Laws 1953a) and by Bonner (1958). Although 
attempts were made to utilize carcasses, this was found to be uneconomical 
and the sole product of the industry continued to be blubber oil. 

For many years, the annual quota under license was fixed at 6,000. But 
in 1948, it was raised to 7,500; in 1949 and 1950, to 9,000; and in 1951, was 
set at 8,000. Until 1952, the quota was divided equally among the three di- 
visions worked each year, although seal abundances in the four divisions 
have probably always been unequal. The sealing regulations were altered in 
1952 as a result of recommendaticms made by me (Laws 1960). 

Effects of Sealing 

Previously, I have presented a variety of evidence that indicated that from 
the late 1930s onward there were adverse changes in the population, despite 
the conservation measures in force (Laws 1960). Most significant, it was 
shown that the average caich of seals per catcher's day's work (CDW) in 
October had progressively declined by 28% from 1931 to 1951. Over these 
two decades, there had also been a decline in the oil yield per seal and a 
lengthening of the season, trends that had begun well before the higher 
catches in 1948-1951. Consideration of the sex ratios on the breeding 
beaches, harem sizes (on exploited beaches and in a reserve), and the low 
average age of males on the breeding beaches supported the indications 
thai the demonstrated decline in the catch per unit effort represented a real 
decrease in the size of the adult male component of the population. 

In Laws 1960, I reported counts of seals on beaches in Divisions I-III 
and one count in Division IV. These counts were corrected for date and for 
pup mortality, based on my research, and I concluded that approximately 
20,000 pups were born in Division I and 15,000 in Division II. Sup- 
plementary information was obtained from ilie sealers which indicated that 
seals were much more abundant in Divisions III and I\\ and I assumed 
that 32,500 pups were burn in ruLh iA ilu .sc di\ isiuui), niakinm an csliniaicd 
total of appro-ximately 100,000 pups that survived lo vvcanint^. Assessing 
pup mortality from birth to weaning at 2% gave a figure of about 102,000 
pups at birth. 

I constructed population models to assess the size of the total population 
in each division, based on my demographic research, on the size of the com- 
mercial catches in previous years, and on the age composition of the com- 
mercial kill of males in 1951, based on growth layers in the teeth (Laws 
1952, \953b). Some assumptions were made, and predictions about certain 
future statistics were advanced, the confirmation of which later appeared to 
support the assumptions. The results of these calculations were estimates of 
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the size of the population in each division and of the annual accessions to 
each age dass (see Laws 1960 for details). Other information on breeding 
behavior su^^ested that the stocic of breeding bulls in each division should 
be kept equal to one-twelfth of the stock of adult cows, and on this basis 
surplus accessions of bulls for all divisions combined were calculated at 
5,842, close to the average annual catch. But the catches in Divisions I and 
II for this period were, respectively, about 24% and 65% higher than the 
esdmated surpluses for those divisions, whereas the catches in Divisions III 
and IV were well below. 

Therefore, a new system was introduced in 1952 to control scaling. Most 
important, divisional quotas were set for the five years 1952-1936, pro- 
portional to the estimated size of the available surplus in each division. A 
safeguard was introduced to monitor the age composition of the catch, by 
requiring canine teeth to be collected from a 5% sample of the catch which 
would subsequently be examined to determine age structure of the catch. A 
minimum length reguladon was introduced. 

Favorable results were immediately apparent, with a rise in the catch 
per CDW of 26% over the first 4-year period. In general, sealing operations 
were conducted earlier (midseason date two weeks earlier) and the average 
oil yield increased substantially. About 'M){) teeth were collected annually 
between 1952 and 1964 for age determination, and VV. N. Bonner made con- 
trol collections from a total of over 400 seals caught. The mean age of the 
catch sample in 1951 was 6.64 ±0.34 (SE) years; in 1952, it was 7.20 ± 
0.14; and it increased to level off at about 7.71 ±0.19, 7.70±0.18, and 
7.69 ±0.1 5 years in 1961, 1963, and 1964, respectively (Laws 1979). This 
leveling otf confirmed that the catch size was sustainable; it corresponds to 
the estimated average age on attaining social maturity, and the manage- 
ment strategy was to monitor the age distribution of the catch and to adjust 
annual quotas, as necessary, so as to keep the average age of the catch at 
7V2 to 8 years. The success of this policy gave confidence in the general 
accuracy of the estimates of population abundance and life table param- 
eters (see below). 

PopulatUm Siz0 in 1951 
In formulating my recommendations, I had constructed provisional life 
tables for the two sexes. These life tables adjusted for 102,000 births 
annually indicated an average midyear population of about 310,000 
elephant seals at South Georgia in 1951, that is, about 3.1 times the num- 
ber of births (see Laws 1960 for detaib). I reviewed available information 
on other breeding colonies of the overall South Georgia stock and con- 
cluded that its total size was a little more than 315,100. 

McCann (1985) revised the life tables, assuming higher female fecundity 
(88% vs. 82.5%). He found no change in the number of pups bom in 
Cumberland Bay, no evidence for an increase or decrease in the cow 
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population, and no significant change in the age at first pupping since 1964. 
He concluded that ''a suitable factor by which to convert pup counts to 
total population of all animals older than pups of the year at the end of 
the breeding season is 3.5" (14). McCann (1980) also found no difference 
in body size in 1976-1977 compared to 1948-1951. He reported a three- to 
fourfold increase since exploitation ended in numbers of bulls ashore, an in- 
crease in the mean age of harem bulls, and increased average harem size; 
he also found that bulls hauled out earlier in the season and stayed ashore 
longer. There was little change in the number of breeding cows or their age 
structure. (Comparisons were with results in my papers, based on heldwork 
in 1948-1951, listed in Laws 1960.) McCann (1985) concluded that the 
South Georgia population in 1980 was 350,000 (actually, it should have 
been 357,000 if calculated from births X 3.5). 

McCann's estimate was derived from the 1951 estimate of pups born and 
his life tables for an unexploited population. In 1951, however, at the height 

the sealing period, even assuming a similar pup production, the total 
population should have been somewhat lower, because the numbers of 
adult males were reduced in the exploited population. Comparison of Laws 
(1960) and McCann (1985) shows that the female life tables are really quite 
similar (perhaps not surprising as McCann adopted some important para- 
meters from mc, especially first- and second-year survival); the male life 
tables differ only in the higher first- and second-year mortality assumed by 
me and in the reduced survival of older males in the exploited population. 

I have therefore recalculated the exploited male life table, by raising the 
first-year survival to the female level, as McCann did; this gives almost 
identical survival rates for the two models up to G years. Above 6 years the 
selective removal of older males reduced the adult male population, so that 
in the exploited 1951 population model there was virtually no survival 
beyond age 12, compared with age 20 in McCann's (1985) life table. I have 
calculated the number of adult males estimated by the two models, assum- 
ing 54,000 male pups at birth in both exploitation and postcxploiiation 
models; McCann reported a sex ratio of 53% males at birth. For the 1951 
model there were 17,280 males aged 7 to 12 years (none were older), and 
for 1985 there were an estimated 36,UUU aged 7 to 20 years (the upper 
limit). The difference is nearly 19,000, suggesting thai the 1951 total South 
Georgia population size was actually about 338,000 (357,000- 19,000). 
Sealing ended in 1964, so the recovery in adult male numbers should have 
been virtually complete by 1970 as full cohorts successively acceded to the 
adult male population. 

Population Size in 1985 
The elephant seal pK)pulation of South Georgia was surveyed comprehen- 
sively during the 1985 breeding season (McCann and Rothery 1988). There 
were 87,711 females and 10,260 adult males counted on shore, and the 
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female counts were corrected usint^ a model of haul^out distribudmi over 
dme to adjust for the date of count. The annual pup production was esti- 
mated to be about 102,000, the same as the estimate in Laws (1960). I 
actually counted 26,260 tive pups in Divisions I uid II and gave an esti- 
mate for pup production, corrected for date of count, of 31,075; I rounded 
up this esdmate to 35,000, to allow for the beaches I did not visit This can 
be compared with T. S. McCann and P. Rothery's (1988) corrected total 
of 34,665 in these two divisions, which is very close. McCann and Rothery 
obtained corrected pup counts of 42,892 and 24,676 for Divisions ill and 
IV, respectively, and suggested that as the numbers in Divisions I and II 
were approximately the same in 1985 as in 1951, the same should be true of 
the totals in Divisions III and IV. Thus, there is a good basis for assuming 
that the number of pups was indeed about 102,000 in both periods, and ap- 
plying the factor 3.5 gives a population other than pups of 357,000 in 1985. 
(A possible but small source of error lies in the adoption of my 1960 esti- 
mate of pup mortaUty (2%); e.g,, Condy [1978J estimated preweaning mor- 
Ulity at 6%.) 

Thus, the total pup production at South Grori^ia was very similar in two 
estimates ;H years apart. This suggests that the South (Georgia population 
mav ha\'e been ahnost stable sinee 1951, apart trom an increase in adult 
males after scaling ended in 1964. However, McCann and Rothery (1988) 
show that substantial annual fluctuations occurred in the number of cows 
ashore on certain beaches, and their data suggest a possible decline in the 
1960s. It seems likely therefore that over the last 40 years, the South Geor- 
gia population size has fluctuated around 350,000. 

The 1985 count and model presented above indicate that of some 36,000 
adult males (aged 7 to 20 years) estimated to be in the South Georgia 
population, only some 10.000 were counted on land at any one time during 
the breeding season, and about 26,000 were therefore in the sea, since they 
have not been seen elsewhere on land. This is rclc\ ant to hypotheses about 
the mating of the virgin females; they are very rarely seen on the breeding 
beaches in the breeding season, yet the 1985 model (McCann 1985) indi- 
cates that some 21,000 virgin females (equivalent to about a sixth of all ma- 
ture females) mate for the first time at age 3. I observed aquatic matings 
and believed that newly mature females mate for the first time not on land 
but m the sea, probably during the usual breedmg season of the adult cows 
(Laws 1956). (With 88% fecundity, the model also indicates that 12% of all 
adult females — an estimated 14,000 — would be nonpregnant in the pup- 
ping season and probably also would mate aquatically). Behavior during 
the aquatic phase of the life cyde may have implications for the causes of 
the d^ne in other southern elephant seal populations (SCAR 1991; Bester 
and Wilkinson, this volume; Hindell, Slip, and Burton, this volume; Fedak 
et al., this volume). 
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Other Populations in the South Georgia Stock 

Patagonia and the FaUdand Islands. I estimated less than 1,000 pups bom 
in the Falkland Islands, representing a population of less than 3,500 (Laws 
1960); there is no recent information. For Patagonia, at Peninsula Vaklcs, 
I. S. Carrara (1952) estimated a population of approximately 1,000 in 1951; 
J. A. Scolaro (1976) estimated 3,933 pups bom in 1975, implying a popula- 
tion of 13,800 (3.5 X births); D. F. Veigani, M. N. Lewis, and Z. B. Stran- 
ganelli (1987) estimated 6,737 pups bom there in 1982 (pop. 23,579), in- 
creasing at 5.1% annually between 1975 and 1982. C. Gampagna and M. 
Lewis (1992) give the results of eight surveys firom 1969 to 1990, corrected 
for date and area surveyed, concluding that 7,455 pups were born in 1982 
(pop. 25,092) and 9,636 pups were bom in 1990 (pop. 33,726), having 
increased at 3.2% annually since 1982. 

South Orkney Islands. I estimated the size of the breeding population I 
studied at Signy Island to be 300 in 1948-1950 (Laws 1960). Subsequentiy, 
this has decreased to less than 20 (unpublished British Antarctic Survey 
records). 

King George Island. Vergani (pers. comm.) reported 708 pups bom in 
1980, declining to 560 by 1990, which represents total populations of approx- 
imately 2,500 and 2,000. 

Nelson Island. Vergani, Lewis, and Stranganclli (1987) reported 106 
pups born in 1985, representing a population of approximately 370. 

Avian Island. One birth has been reported from Avian Island (68** S.) 
(unpublished British Antarctic Survey record). 

Gough Island. Bester (1980; pers. comm.) reported 32 pups bora in 1977 
and 28 in 1990, suggesting a stable population of about 105. 

South Sandwich Islands and Bouvet Island. The species probably breeds in 
small numbers on these islands, but there is no information. 

These populations represent a total of about 39,720 in 1990, about 10% 
of the total South Georgia stock in 1990, which is estimated at about 
397,000 compared with McCann's (1985) estimate of some 369,000 based 
on counts spread over earlier years (table 3.1). The difference is due to a real 
increase in the Peninsula Valdes population and the upward revision of the 
earlier South Georgia estimate to allow for the recovery of the adult male 
stock as discussed above. 
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TABLE 3.1 £stiinated sizes of southern elephant seal populations in 1990 

compared with earlier estimate b\ McCann (1985). 



Stock Ana Births* Population si^j^ 



South Georgia 


South Georgia 
South Orkney 

Islands 
South Shetland 

islands 
Falkland islands 
Gough Island 
Peninsula Valdes 


102,000 
approK. 5 

650 

approx. 1,000 
approx. 30 
9,636 


357,000 
approix. 20 

2,300 

3,500 
approx. 105 
33,726 

597,009(369,000) 


lales de 
Kerguelen 


Kerguelen 
Heard Island 
Marion Island 
Prince Edward 

Island 
Isles Crozct 


41,000 

(11,530) 
(574) 
(223) 


143,500 
40,355 
2,009 
782 




(577) 


2,023 

m,m (252,000) 


Maoquarie 
Island 


Macquarie Island 

Campbell Island 
Antipodes Island 


(22,226) 
approx. 5 
114 


77,791 
apprax. 20 
approx. 400 

76;O00 (137,000) 


World 






664,000 (758,000) 



'Figures in parentheses adjusted for continued decline since last esdmate by applying com- 
pound % annual chanc;o to most rrrrnt estimate (see text). 

''Population sizes — animals one )xar old and older (births X 3.5). Totals rounded to nearest 
1,000. 

"Totals in parentheses estimated from data relating to various years in the period 1949-1980 
(McCann 1985). 



THE ILES KERGUELEN STOCK 

lUs Kerguelen: Courbet Peninsula 
Here there are difficulties in making comparisons from year to year because 
of uncertainties about the proportion of the population censused. Ahno»t all 
breed on the Courbet Peninsula between Point Molloy and Gap Noir, here 
called the study area. R. J. van Aarde (1980) summarized previous cotints 
of breeding cows plus weaned pups (roughly equal to pups bom) in the 
study area in 1958, 1960, and 1970 and presented his own figures for 1977. 
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These were, respectively, 41,970, 40,050, 55»252, and 42,420. However, the 

first two are underestimates because they were uncorrected and so are not 
comparable. On the basis of the estimates for 1970 and 1977, van Aarde 
calculated that there had been a declme of 4.6% annually over this period 

(and, raising by 3.5 times, this corresponds to a decline in total p>opulation 
from 193,382 to 148,470). Bester (1982) counted 36,900 pups in the study 
area in 1979, representing a population of 129,150; a continued decline of 
4.6% from 1977 would have resulted in 38,607 pups (total 135,124). C. 
Guinct, P. Jouventin, and H. VVcimcrskirch (1992) obtained a figure of 
41,000 pups in 1989 and suggest that the population has stabilized; this 
would indicate a population of about 143,500 in 1990. 

Heard Island 

R. Carrick and S. E. Ingham (1962) gave an estimate of 23,000 pups for 1949, 
representing a total population of 80,500. By 1985, Burton (1986) estimated 
pup production at 13,000, representing a population of 45,500, which had 
therefore declined by 2.4% annually, averaged over the period from 1949 to 
1985. Continuing decline at this rate would result in a population of 40,355 
in 1990, a total decUne of 50%. 

Marion Island 

In 1973 and 1976, total numbers in various age classes were counted in the 
period November 13-19, when combined pup and weaner counts were at a 
maximum (Condy 1978); no adjustments to these were therefore necessary 
except for preweaning mortality (5.99%). A mean of 1,049 pups and wean- 
ers were counted, which adjusted for mortahty gave an estimated 1,115 
births annually in this period. Raised by 3.5, this indicates a total popula- 
tion ot 3,903 in 1976. R. W. Rand (1962) had counted the pups, weaners, 
and dead pups on the island in the second half of November 1951 and 
obtained a figure of 3,662, corresponding to a total population of 12,817. 
(Condy calculated a 69.5% decline between 1951 and 1976.) P. R. Condy 
(1977) analyzed three comparable counts from 1951, 1965, and 1974 and 
estimated the rate of decrease of the Marion island breeding population 
over this period at 4.8% a year. 

To study the trend between 1973 and 1982 in more detail, J. D. Skinner 
and R. J. van Aarde (1983) analyzed results of censuses from a subset of 
the breeding beaches, representing about a third of the annual pup produc- 
tion, for the period 1973-1982 (excepting 1978); they are not directly com- 
parable to Cond\ s (1977) figures. This indicated an exponential decrease 
in pup production over the period 1973-1982 at a mean annual rate of 8%. 

The most recent data come from Bester and Wilkinson (this volume) 
and Wilkinson and Bester (in press). The first relate to a main study area 
representing about 10% of the coastline, censused from 1974 to 1989 fol- 
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lowing the methods of Condy (1978). In 1976 and 1986-1989, total pup 
counts of the whole island were made, which confirmed that numbers in the 
main study area provide a representative index of the total population. 
They conclude thai the overall decline between 1974 and 1989 was 4.8% 
annually, but in 1983-1989 it had slowed to 1.9%. Wilkinson and Bcster 
(in press) estimated the total pup production for the island in 1989 at 585; a 
further 1.9% decline would reduce this to 574 in 1990. Raised h\ 3.5, this 
gives an estimated total population of 2,009 in 1990, a decline of 83.7% 
since 1931 and of 48.5% since 1976. In percentage terms, this population 
has been most adversely affected of all except Signy Island and Campbell 
Island (see below). 

Prince Edward Island 
Condy (1978) also counted 386 pups and weaners on the east coast of 
Prince Edward Island in 1977; applying Condy's (1978) correction factor 
for preweaning mortality gives an estimate of 41 1, raised to a total popula- 
tion of 1,439. If this population also declined on average at 4.8% annually 
between 1974 and 1989 and 1,9% in 1989-1990, its 1990 populauon would 
be 782. 

lies Crozel 

A. Barrat and J. L. Mougin (1978) reported about 3,000 pup births in 
1976, corresponding to a total population of 10,500. having dec lined by 
5.8% annually between 1966 and 1976 (SC.\R 1991). Guinet, jouviniin, 
and Weimerskirch (1992) reported 612 pups in 1989, representing by infer- 
ence a total population of 2,142, ha\uig declined at 5.7% annually between 
1980 and 1989. Extrapolating a further year at this rate of decline implies a 
population of 2,019 in 1990 (SCAR 1991). 

The populations comprising the lies de Kerguelen stock represent a total 
of about 189,000 in 1990 (table 3.1), about 28% of the total world popula- 
tion, having declined dramatically over the last 40 years, one population by 
over 80%. This is in marked contrast to the South Georgia stock, which has 
increased at South Georgia since 1951 by 20,000 (15.3%) as a result of the 
postexploitation recovery of the male component and at Peninsula Valdes 
by 20,000 (144%) since 1975, due to natural increase. 

THE MACQUARIE ISLAND STOCK 
Macquarie Iskmd 

M. A. Hindell and H. R. Burton (1987) have recendy described the past 
and recent status of the elephant seal at Macquarie Island. This is one of 
the most continuously studied populations since observations began in 



Copyrighted material 



STATUS OF SOUTHERN ELEPHANT SEAL POPULATIONS 



61 



1949. Until the early 19808, only adult females and males were counted in 
the isthmus study area where most of the seals haul out to breed (Carrick 
and Ingham 1960; Carrick et al. 1962). However, HindeU and Burton (1988) 
showed that the haul-out pattern of breeding females is so predictable that 
a census on any day within two weeks of the haul-out maximum can be 
used to estimate the maximum number accurately. In the 1985 breeding 
season, daily counts of adult females, weaned pups, dead pups, and breed- 
ing males were made on the isthmus study area, and a complete island cen- 
sus was carried out on a single day, a week before the peak number; an esti- 
mate of the peak number of females was derived from the haul-out curve 
modeled from the isthmus data. 

HindeU and Burton (1987) estimated the maximum number of females 
ashore on the isthmus for 21 years between 1949 and 1985. They showed 
that there was a significant correlation between years and maximum num- 
ber of females, with an average annual rate of decrease of 2.1%. There was 
a similar percentage decrease in the numbers of males ashore. 

The estimated total island pup production in 1959 was 44,501, compared 
with 24,713 in 1985. Applying the 3.5 raising factor (McCann 1985) gives a 
total population of 156,000 in 1959 and 86,500 in 1985. thai is, 44.6% less 
than in 1959. Hindcll and Burton (1987) concluded that the population was 
probably declining at least Irom 1950, and they csiiniated that the whole 
island population in 1949 was about 183,000. E.xtrapolating from 1985 to 
1990, assuming a continued decline at 2.1% per annum, gives a total 
population of 77,791 in 1990, which represents an overall decline of 57.5% 
since 1949. 

Campbell Island 

There is a small population of elephant seals at Campbell Island. J. H. 
Sorensen (1950) gave estimates from counts of the numbers of pups born in 
1941, 1942, 1945, and 1947, increasing from 75 to 100 in 1941 to 191 in 
1947. Taking these figures at face value, this suggests an average of about 
140 pups born in the 1940s and. applying the raising factor used by 
McCann (1985), a total population of about 500 at this time. The only re- 
cent information appears U) be from R. H. Taylor and G. A. Taylor (1989), 
who give a pup production of only 5, representing a total population num- 
bered in tens of animals, let us say 20. This would represent a decline of 
96% since the 1940s. 

Antipodes Island 

i aylor and Taylor (1989) also give an estimate of 113 for the pup produc- 
tion at Antipodes Island in 1978. There is no information on the trend in 
this population, but if there has been no change, applying the raising factor 
gives a population of about 400 in 1990. 
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Thus the Macquarie Island stock, whicb is essentiaUy confined to Mac- 
quarie Island for breeding, had an estimated total size of about 78,000 in 
1990 (table 3.1), representing only 12% of the total world population, hav- 
ing declined dramaticaUy irom about 183,000 in 1949, a decrease of 57% 
over 42 years. This is again in marked contrast to the South Georgia stock 
and more like the lies Kerguelen stock. 

CONCLUSIONS 

As the work summarized here indicates, during the period from 1949 to the 
present, difierent populations of southern elephant seals have increased 
(Peninsula Valdcs), probably remained stable after rapid recovery from the 
exploitation that ended in 1964 (South Georgia), or decreased dramatically 
(lies Kerguelen, Marion Island, Macquarie Island, Signy Island, Campbell 
Island). 

The population sizes arc derived from estimates of pups born, raised by 
the factor of 3.5 to obtain estimates of the size of populations, excluding 
pups. Different raising factors should be applied to increasing, stable, or 
declining populations, and in the absence of adequate demographic knowl- 
edge of the diftercnt populations, the estimates of annual pup production 
are more accurate than population abundance estimates. However, it is de- 
sirable to have population abundance estimates for other purposes (such as 
estimating population biomass and food consumption; Boyd, Arnbom, and 
Fedak, this volume) and since a common factor is applied, the derived 
population trends are the same as for pup production. Subject to this res- 
ervation, table 3.1 shows an estimated total population of the southern 
elephant seal in 1990 of about 664,000, which compares with an estimated 
total population of 758,000 derived from data obtained at different times 
during the period 1949-1980 (McCann 1985), an overall decline of some 
12.3%. The decline is not universal, however, and 60% of the total world 
population is in the South Georgia (and South American) stock, which is 
Stable or increasing. 

If we look at the populations that have decreased, currently about 40% 
of the total wvMrld population, they have decreased on average by about 
31%, but some have decreased to a much greater extent; for example, the 
major stock at Macquarie Island has declined by an estimated 57% since 
1949. Information about the possible causes of the declines is presented 
elsewhere in this volume (chaps. 4, 5, and 6). A workshop meeting con- 
vened by the Scientific Committee on Antarctic Research (SCAR 1991) also 
addressed the possible causes of past and present population trends but did 
not reach any firm conclusion. It seems that the causes of the declines may 
difier among populations; however, the causes remain speculative and 
essentially unknown. In any case, the contrast between the population 
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trends in the northern elephant seal» Af. angustirostris (Stewart et aL» this 
volume), and the southern elephant seal is striking and is an urgent topic 
for further research. 

There is no evidence to suggest that the population, declines are the re- 
sult of factors influencing the seals while ashore, indicating that they result 
from factors operating while the animals are at sea (SCAR 1991). In this 
respect, the evidence presented here indicating that a large proportion of 
adult males and newly mature and fully adult females remain in the sea 
during the breeding season may be relevant. For successful mating, it seems 
unlikely that these components of the population are widely dispersed at 
this time. They may be in the general vicinity of the breeding islands, or rel- 
atively concentrated in other parts of the species' foraging range. Tracking 
studies using satellite geolocation equipment should eventually provide an 
answer to this question. 

Much of this chapter describes the go\ernment-controlled industry at 
South Georgia between 1909 and 1964. This is a topic that is not covered 
elsewhere in this volume and has been included here because of the light it 
throws on the population dynamics of the species — and because this stodt 
constitutes some 60% of the total population of the species. Despite the re- 
moval of some 260,000 bulls during a 65-year period, the South Georgia 
population appears to have remained fairly stable or to have fluctuated only 
slighdy, a confirmation that the industry was on a firm sustainable yield 
basis afler 1952. This elephant seal stock in fact provides a classic example 
of rational utilization of a natural renewable resource. 
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Possible Causes of the Decline of 
Southern Elephant Seal Populations in 
the Southern Pacific and Southern Indian 

Oceans 

Mark A. Hindelly David J. Slip, and Harry R. Burton 



ABSTRACT. There are several characteristics of declining southern ele|diant seal 
populations that provide a basis for the formulation and testing of hypotheses de- 
signed to explain the decline. Some southern elephant seal populations seem to be 

declining independently of other major Southern Ocean \ crtcbrate consumers, but 

only two of the thr^-p Hlstinrt =;torks hav e exhibited a Herline. At Macqiiarie Island, 

the adult male and female compoticnts of the population seem to be equally alierted. 
Studies conducted in the 1950s and 1960s indicate that elephant seals from Mac- 
quarie Island had lower survivorship and slower growth rates and reached sexual 
maturity later than those from South Georgia. Survival of first-year seals decreased 
dramatically during the 1960s and led to the almost total failure of the 1965 coiuMr^ 
the fate of later cohorts has not been determined. 

Attempts to explain the recent behavior of southern elephant seal populations 
have so far concentrated on finding a single cause to account for the characteristics 
of all populations, rather than a series of independent explanations. Two main 
hypotheses are advanced, one involving equilibration processes after intense sealing 
pressure and the other concerned with fluctuations in the ocean environment. 
However, while there may be a single driving factor influencing the populations of 

southern elephant seals in the Indian and Pacific Ocean sectors, there may be addi- 
tional local fiu^tors that also r^;ulate the populations. In some cases, the interaction 
between these effects may obscure understanding of the main driving force. While 
the hypotheses have not yet been tested, they hdp in planning future research. 
Priorities should be the maintenance of censusing programs, long-term and cross- 
sectional demographic studies, and investigations into several aspects of the biology 
of first-year seals, particularly diet and foraging ranges. 



Southern elq[>hant seals, M. Uomna Linn., have been known to science since 
the time of Linnaeus. For most of that time, however, their contact with 
man was purely as an exploitable resource, and they were ruthlessly hunted 

6S 
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at all of their major breeding grounds as a source of high-quality oil. Only 
since the middle of this century have these animals been the finnis of serious 
scientific attention. 

The 1950s and 1960s saw major research programs at both the South 
Georgia and Macquarie Island breeding sites. The result of this research 
eifort was a new understanding of many important aspects of the basic biol- 
ogy of the species, such as reproductive biology (Laws 1956a), developmen- 
tal biology (Laws 1953, Brydcn 1968a), behavior and social structure (Laws 
19566; Carrick, Csordas, and Ingham 1962; Carrick et al. 1%2), and 
population biology (Laws 1960). 

A major shift in research perspectives for southern elephant seals oc^ 
curred in the mid-1980s, with reports of significant declines in several major 
populations. These reports coincided with an increasing awareness of the 
value of the Southern Ocean ecosystem both commercially and scientifi- 
cally. The decline of a major vertebrate predator was rq;arded as possible 
cause for concern that other components of the ecosystem were also chang- 
ing in as yet undetected ways. 

This chapter summarizes what is known about the population declines 
in southern elephant seals at Macquarie Island and at other breeding sites 
to compare this to trends in other Southern Ocean vertebrate populations 
and to review the various explanations that have been advanced to explain 
the decline so far. A new hypothesb is also advanced, and the most fruitful 
directions for future research are suggested. 

POPULATION TRENDS 

Macquarie Island 

In 1985, the population at Macquarie Island was found to have decreased 
at a rate of about 2% per annum (Hindell and Burton 1987), calculated on 
the assumption that the decline had been operating since the early 1950s. 
The nature of the census data was such that there was no good a priori 
reason for assigning the bcginnintr of the decline to any point during the 30- 
year time scries (fig. 4.1). More recent analysis of demographic data col- 
lected ai Macquarie Island during the 195Us and 1960s suggested that the 
decline may have started during the early 1960s (Hindell 1991). However, 
this has little effect on the estimated rate of decline, which remains at about 
2% per annum. 

There were no apparent differences in the overall rate of decline of adult 
males and females at Macquarie Island. And as adult male and female 
elephant seals occupy largely separate regions of the Southern Ocean dur- 
ing their time at sea (Hindell, Burton, and Slip 1991), whatever factor is 
causing the decline appears to be operating on the younger age classes, 
possibly before sexual differences in foraging patterns develop. 
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Fig. 4.1. The peak number of breeding females (diamonds) and males (crosses) on 
the isthmus beaches at Macquarie Island between 1950 and 1990. 



Kergueleti and South (Georgia Stocks 
The population decline at Macquarie Island .should not be considered in 
isolation, as similar declines are occurrinc^ elsewhere in the Southern 
Ocean. Study of the heiia\ lor of all populations of southern elephant seals 
will help to understand the situation at Macquarie Island. 

Southern elephant seal populations can be grouped into three apparently 
distinct stocks: Macquarie Island, lies Kerguelen, and South (ieorgia. The 
most recent census data on suhpopulations in each of these stocks are listed 
in table 4.1. The rcl<ui\( l\ inaccessible nature of many of the rookeries 
combined with the brevity of the breednig season makes accurate popula- 
tion estimates difficult in some cases, and interpopulation comparisons 
should be made with care. However, one major trend stands out. All the 
populations from the Kerguelen stock have been declining at least until the 
inid-1980s, while the populations from the South Georgia stock have been 
generally stable or increasing. The populations within the Kei^elen stock 
may be declining asynchronously with each other and with the Macquarie 
Island population, but this could be partly due to artifacts of the limited 
data. Nonetheless, these data suggest that there is something different 
about the South Geoipa seals or about some aspect of their environment. 

Other ^ecUs 

Until recently, elephant seals were not regarded as truly Antarctic seals and 
were seen as ecologically distinct from the "ice seals.** Recent studies on the 
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foraging ranges of elephant seals (see Slip, Hindell, and Burton, this 
volume) indicate that many adults spend a considerable proportion of their 
annual cycle in Antarctic waters. Therefore, it is relevant to compare the 
population trends of other Antarctic vertebrate consumers with those of 
elephant seals, and as yearling elephant seals may not move far firom their 
natal islands (Carrick et al. 1962), it is also appropriate to examine popula- 
tion trends of other subantarctic species. 

The status of other phodd species in the Southern Ocean is somewhat 
uncertain. Too little is known about the status of Ross seab, Ommatopkoca 
nssiy and leopard seals, Hydmrga leptor^, to make an assessment of any 
population trends at the moment (Erikson and Hanson 1990). There is no 
evidence of long-term changes in Weddell seal, LeptoKj^tes weddelli, 
populations at a number of sites around Antarctica (Testa and Siniff 1987; 
Green, Wong, and Burton 1992), although cycles in reproductive perfor- 
mance have been recorded (Testa et al. 1990). A. W. Erikson and M. B. 
Hanson (1990) reported a drop in the numbers of crabeater seals, Lobodm 
earcinophagus, in the Weddell Sea, but it is uncertain whether this represents 
a real decline in abundance, a change in distribution, or even sampling 
artifacts (see Green, Wong, and Burton 1992). Both Antarctic fur seal, 
Ardocephabtt gazUlOf and sub- Antarctic fur seal, Arctocephalus tropkaliSt 
populations are increasing at all of their breeding sites (e.g., Shaughnessy, 
Shaughnessy, and Keage 1988; Bengtson et al. 1990). 

The baleen whale species that were (Hice heavily harvested in the South- 
em Ocean all seem to be increasing in numbers (Bengtson 1984; Bryden, 
Kirkwood, and Slade 1990). Penguins constitute over 90% of the Antarctic 
avian biomass, but to date there have been no reports of major population 
declines in this important component of the Antarctic marine ecosystem 
(Woehler and Johnstone 1991), On the contrary, several species have 
increased (Laws 1985). 

Of all the vertebrate consumers breeding on subantarctic islands, only 
the wandering albatross has declined in numbers (Hindcll and Burton 
1987), but this has been attributed to interactions with long-line fishing 
fleets (Croxall et al. 1990). Giant petrel populations have also been re- 
ported as decHning in recent years (E. VVochlcr, pers. comm.), but as these 
animals rely on elephant seal carrion for a significant part of their diet 
(Hunter 1983), this decline could simply be a consequence of the elephant 
seal decline. Some rockhopper penguin, Eudyptes chrysocome, populations 
have also declined in recent years; the causes for these declines are as yet 
unknown (Moors 1986). 

With the possible exception of crabeater seals and giant petrels and the 
certain exception of rockhopper penguins and wandering al})atross, no 
other Southern Ocean consumer has exhibited large-scale population de- 
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dines. Several, such as the fur scab, baken whales, and some penguin spe- 
cies, are actually increasing. This suggests that whatever is responsible for 
the decline in some southern elephant seal populations is acting on some 
aspect of their life history that is imique to these populations. 

DEMOGRAPHIC DATA 

There have been three studies of population biology of southern elephant 
seals. Two were based at South Georgia, one in the 1950s when sealing was 
still a commercial enterprise (Laws 1960) and the other during the 1970s, 
some 20 years after sealing had ceased (McCann 1985). Both of these 
studies were cross-sectional in nature, with life tables derived from age 
structure data, which were in turn derived from age estimates made from 
tooth rings. The population at South Georgia is thought to have been stable 
over the time between the two studies, and the population had largely re- 
covered from the effects of scaling by the late 1970s (McCann and Roihery 
1988). Consequently, the South Georgia demographic data from McCann's 
(1985) study may be regarded as representing a stable, undisturbed popu- 
lation and a valuable source of data for comparison with the declining 
populations. 

A longuudinal study based on 15 cohorts of seals branded at Macquarie 
Island between 1950 and 1965 ( Hindcll 1991) revealed several features of 
their population biology periiiu iii to understanding ilir decline in numbers. 
First-year survival was essentially stable during the 1950s (fig. 4.2). The 
mean first-year survival for females was 46% and for males 42%. In the 
early 1960s, first-year survival declined dramatically, with the almost com- 
plete failure of the 1965 cohort (survivorship was less than 2%). However, 
survival of all other age classes appeared to be stable between the 1950s 
and 1960s. Unfortunately, it was not possible to analyze the success of later 
cohorts. 

There were several significant differences between the Macquarie Island 
populaticm parameters and those foimd in the stable South Georgia popula- 
tion. First-year survival of the Macquarie Island elephant seals during the 
1950s was substantially lower than the 60% for both sexes estimated for 
South Georgia (McCann 1985). Survival in all other age classes was abo 
lower at Macquarie Island than at South Georgia (fig. 4.3), although the 
differences in methodology make quantitative comparisons difficult. Seals 
fipom the South Georgia stock have higher growth rates, both preweaning 
and postweaning, than those from Macquarie Island (Bryden 19686). The 
slower growth rates of the Macquarie Island seals may be responsible for 
the 12-month delay in the average age at first breeding compared with 
South Georgia (Carrick, Csordas, and Ingham 1962). 
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Fig. 4.2. Survival to 9^ * 1 year finr males (dashed lines, open drdes) and females 
(solid lines, solid circles) in 13 cohorts between 1951 and 1965 (finom Hindell 
1991). 



POSSIBLE EXPLANATIONS 

An acceptable explanation of population trends in the southern elephant 
seal will need to account for the known characteristics of the declines. 
While it is possible that the declines in different populations may have inde- 
pendent causes, it is worthwhile to attempt to find a single explanation that 
will account for the decrease of all elephant seal populations. 

Southern elephant seal declines are characterized by the following: 

1. Both the adult male and adult female components of the Macquarie 
Island populaiicju appear t(j ha\ c declined iil the sainc rate. 

2. Only populations within the Macquarie and Kerguelen stocks have 
declined, while those from the South Georgia stock are probably 
stable. The timing and rates of the declines may also dilier between 
subpopulations. 

3. Southern elephant seal populations appear to have declined indepen- 
dently of other mammalian or avian species in the Antarctic or sub- 
antarctic sectors of the Southern Ocean. 

4. Growth rates were lower at Macquarie Island than at South Georgia 
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Age Class 

Fig. 4.3. Post-year 1 survival curves for (A) females from Macquarie Island (show- 
ing 95% confidence limits in dotted lines) and South Georgia, and (B) males from 
Macquarie Island (showing 95% confidence limits in dotted lines) and South Geor- 
gia (from Hindell 1991). 
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during the 1950s and 1960s. Age at first breeding was also one year 
later at Macquarie Island than at South Georgia. 

5. Survivorship in all age classes was lower in the Macquarie Island 
population than in the South Georgia population. 

6. There was a marked decline in the first-year survival of Macquarie 
Island animals between 1960 and 1965 which resulted in the almost 
complete failure of the 1965 cohort; post-year-one survival did not 
appear to change at this time (Hindell 1991). 

A number of explaiiaiiuius have been advanced to explain ihcsc observa- 
tions with varying degrees of success. The hypotheses can be loosely di- 
vided into three groups: intrinsic factors, prcdation, and the availability of 
food. 

Intrinsic Factors 

The most likely intrinsic factor that could influence elephant seal popula- 
tion size is some kind of density-dependent mechanism. Both northern and 
southern elephant seals can exhibit density-dependent pup mortality, with 
pup mortality increasing on very crowded beaches (Rciter, Stinson. and Le 
Boeuf 1978; van Aarde 1980^). Although it is possible that this mechanism 
might regulate elephant seal populations, it fails to explain many of the 
known characteristics of the decline. For example, it cannot account for 
both the apparent stability of the South Georgia population and the concur- 
rent decline at Macquarie and Kergeulen. Also, as the overcrowding of 
harems resuhs in increases in preweaning mortality, this mechanism does 
not account tor the sharp decline in first-year survival during the 1960s (the 
animals used in that study were all branded after they were weaned). 

It has been suggested that mass mortalities caused by disease, particu- 
larly parasite infestations, may be an important factor in population regula- 
tion in marine mammals (Harwood and Hall 1990). However, there is no 
evidence of widespread disease in southern elephant seal breeding aggrega- 
tions. 

Predation 

Killer whales. Orcinus area, are undoubtedly a major cause of juvenile mor- 
tality in southern elephant seals (Condy. van Aarde, and Hester 1978). In- 
creases in the number of killer whales preying on newlv weaned elephant 
seals might produce the changes in juvenile mortality described above and 
may also help explain the lower adult survival at Macquarie Island. 
However, there is no evidence for increased abundance of killer whales, and 
it would not satisfactorily explain the diflerences in growth rates and attain- 
ment of age of first breeding between the Macquarie and South Georgia 
populations. 
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Availability of Food 

This category can be divided into three subgroups: competition, equilibra> 
tion processes, and changes in the ocean environment. 

Competition. Southern elephant seals could be competing with other 
Southern Ocean vertebrate consumers for basic food resources, particularly 
as a number of these species are currendy increasing in number. However, 
adult elephant seals forage on deep-dwelling benthic and pelagic prey, 
which are generally unavailable to other mammal or bird spedes (Hindell, 
Slip, and Burton 1991), so the chances of direct competition must be 
limited. As we know little about the prey of first-year elephant seals, it is 
possible that this age class does share a prey species with one of the other 
increasing species, but recent data from northern elephant seals suggest 
that juveniles of 2 years arc capable of undertaking the same dive patterns 
as adults (Lc Bocuf. this volume). If young animals from the .southern spe- 
cies can also make deep di\rs. they will equally be able to avoid direct com- 
petition with shallower-diving species. This hypothesis fails to account for 
the sudden decline in first-year sur\ i\al observed in the 1960s, as it is dif- 
ficult to understand how this could be caused by competition with other 
populations that were incrcasini^ at a steady rate. 

It has also been suggested that elephant seals haxc had their resource 
base reduced by the recent introduction of commercial fishing operations in 
various regions of the Southern Ocean. M. Pascal (1986) suggested that the 
decline in elephant seal numbers at lies Kerguelen may be linked to the 
very intense fishing activity in the area which occurred concurrently with 
the decline. However, there is little or no commercial fishing for deep water 
fishes in the areas identified as principal foraging grounds for elephant seals 
from Macquarie Island (Hindell, Burton, and Slip 1991; Slip, Hindcli, and 
Burton, this volume). 

Equilibration Pnassts, One explanation consistent with the known 
characteristics of the decline is the population ''overshoot" hypothesis. This 
hypothesis states that the current decline in elephant seal numbers at Mac- 
quarie Island (and the other populations) is a direct consequence of the 
heavy exploitation of elephant seals during the eighteenth and eariy 
nineteenth century. The sealmg industry reduced the elephant seal popula- 
tion at Macquarie Island to far below the original level and continued to 
suppress it for almost one hundred years (Hindell and Burton 1968a). Dur- 
ing this time, prey species may have increased so that when commercial 
sealing ended in the early part of this century, an abundant resource was 
available to the elephant seals, which enabled an increase in the population 
such that it overshot the presealing population size. Thus, the population 



Copyrighted material 



SOUTHERN PACIFIC AND INDIAN OCEAN POPULATIONS 77 



decline described since then may be the result of subsequent overexploita- 
tion of the food resource and a decrease toward equilibrium. 

This hypothesis accounts for many of the observed characterisdcs of the 
decline. The South Georgia population may not have demonstrated an 
overshoot and decline because it was exploited in a managed fashion (at 
least for this century), while the differences in timing and rates of the de- 
clines in the other populations could be explained by different timing and 
extents of sealing pressure. The reduced growth rates and lower adult sur- 
vival at Macquarie Island during the 1950s may have been a result of the 
population approaching the maximum carr\ang capacity of an inflated food 
resource. As the food resources became inadequate, the population began to 
decrease, principally dri\rn by an increase in juvenile mortality as 
documented for the early 1 960s. 

The observation that both the maW and female components of the 
population declined at a similar rate further supports the notion that the 
decline is a consequence of juvenile mortality. As adult male and female 
elephant seals use different foraging grounds, it seems most likely that the 
i^tor causing the decline has acted on the age classes in which pronounced 
sexual differences in morphology and behavior have not yet developed. 

If the populations in the Kerguelen and Macquarie stocks declined 
synchronously, then the overshoot hypothesis would be substantially 
weakened. The hypothesis predicts that the timing and rate of the decline 
depends on the severity and duration of the sealing at each island (or group 
of islands where a common food source is used). It is unlikely that these 
would result in synchronous declines at a large number of populations over 
a considerable geographic range. Unfortunately, the time series data on 
abundance are inadequate to solve this problem. 

Another problem with the overshoot hypothesis is that it may not 
account for declines in small populations, like Marion Island or Campbell 
Island, that may never ha\e been heavily exploited. The hypothesis will 
only apply if (a) these populations share common feeding^ grounds with 
other, exploited populations and are thus exposed to the same "'boom and 
bust" responses of the prey species or (b) such small populations are only 

splinter groups of the largrr populations, pcrli.ips formed wht ti the ex- 
ploited populations were approaching their maximum predecline densities. 

Changes in the Ocean Environment. Another jjossible explanation is that 
the decline is due to changes in the ocean en\ nonment that have had an 
impact on the food species used by southern elephant seals (Burton 1986). 
Recent studies on global climate change have brought an increased aware- 
ness of large-scale ens ironmental patterns and correlations between cli- 
matic fluctuations and population changes. For example, air pressure dis- 
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tribution over the Southern Hemisphere is influenced irregularly by the 
Southern Oscillation, which results in £1 Nino off Peru (van Loon and 
Shea 1988), and a scarcity of krill and a drop in breeding success of some 
land-based predators around South Gt or^ia was observed in years that fol- 
lowed a strong El Nino Southern Oscillation (ENSO) event (Croxall et al, 
1988; Priddle et al. 1988). Anomalies in air pressure at sea level affect the 
generation and movements of cyclones and anticyclones in the area be- 
tween the subtropical ridge and the Antarctic continent (van Loon and 
Shea 1988), and these atmospheric processes force changes in the physical 
environment of the Southern Ocean, with subsequent effects on the biota 
(Sahrhage 1988). 

The foraging grounds of adult southern elephant seals from the Mac- 
quaric stock lie off the coast of the Antarctic continent between longitude 
135°E and Iba^W (see Slip, Hindell, and Burton, this volume), and ele- 
phant seals from the Kerguclcn slock have been regularly sighted ashore 
between 38°E and 110°E (Bester 1988; Gales and Burton 1989). Fluctua- 
tions in air pressure, affecting the physical environment of this area of the 
Southern Ocean might influence distribution and abundance of prey of 
these stocks. ENSO events are poorly correlated with longer-term climatic 
variability across the western margins of the Australian continent (Allen, 
Beck, and Mitchell 1990), and there appears to be no relationship between 
ENSO events and elephant seal numbers at Macquaric Island. However, 
climatic fluctuations in this area and the southern Indian Ocean appear to 
be a consequence of other forcings (Allen and Haylock 1993). 

Analyses of mean sea level pressure data since 1957 from the wider In- 
dian Ocean region, including coastal Antarctic stations, show that weather 
patterns in soutliwestem Australia are associated with fluctuations in the 
continental anticyclone and the long-wave trough to the south-southeast of 
Australia. This high latitude trough has shown strong persistence near the 
Antarctic station of Casey (1 10.5°W) in winter (June, July, August) and has 
fluctuated only in intensity, deepening to pressures below 985 hPa between 
1966-1971 and 1975-1969 and becoming shallow with pressures above 985 
hPa between 1957-1965 and 1972-1974 (AUan and Haylock 1993). This 
permanent low pressure region centered north of Casey has broadened 
since the early 1960s to include the Vestfold Hills on the shores of Pridz 
Bay, a known foraging area for seals of the Kerguelen stock (Bester 1988; 
Gales and Burton 1989). The deepening of this trough between 1966 and 
1971 corresponds to the increase in first-year mortality at Macquarie 
Island. 

Thus, although the causative factors arc unknown, the fluctuations in 
this trough may have forced or have been associated with changes in the 
ocean enviionment that resulted in reduced food resources for elephant seal 
populations of the Macquarie and Kerguelen stocks and led to their 
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decline. The South Georgia population may have been unaflfected by such 
changes and remained stable because variadon in environmental conditions 
differ fiK>m one area of the Southern Ocean to another (Sahrhage 1988). In 
the absence of hard data, this is very speculative. 

PREDICTIONS FROM THESE HYPOTHESES 

Of the possible explanations presented above, two (the equilibration and 
the ocean environment hypotheses) are consistent with what we know of the 
decline of elephant seals at Macquarie Island and provide a possible ex- 
planadon of the decline of other elephant seal populations. There is an 
obvious need for more research into many aspects of elephant seal popula- 
tion bioh^ and ecology-. 

One approach to deciding future research directions is to test the various 
predictions arising from the alternative hypotheses and perhaps eliminate 
them. Not all have testable predictions, but the last two can be tested. This 
offers a framework for further research. 

Predictions from the Equilibration Hypothesis 
The equilibration or overshoot hypothesis predicts that elephant seals have 
a very simple predator-prey relationship and that they utilize a resource not 
exploited by other major predators. This is parUy supported by recent 
studies of adult foraging behavior (see above). 

As first-year survival decreased rapidly in advance of adult survival, 
some factor limited first-year survival. This suggests that first-year animals 
will be fundamentally different from adults either in their diet, their forag- 
ing grounds, or their abihty to find and capture prey in competition with 
adult seals. 

The hypothesis also predicts that the population should eventually sta- 
bilize at around the prcscaling population size. As this was estimated to he 
about 90,000 to 100,000 seals for Macquarie Island (Hindcll and Burton 
1988fl) and the present population size is approximately 90,000 seals, the 
decline should slow down or stop in the near future. However, the equilibra- 
tion process may be expected to continue- with a scries of "undershoots" 
and "overshoots" of diminishing majejnitude. 

The seals would show an increase in growth rate and adult body size 
coincidental with the stabilization of population size. This would also be 
accompanied by decreases in the age of first breeding and increases in both 
adult and first-year survival. 

As northern elephant seals are very similar in many ways to their south- 
em congener, and they were also subjected to intense sealing pressure in 
the last century, they may exhibit pojDulation trends similar to southern 
elephant seals. At present, northern elephant seal populations are increas- 
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ing rapidlv (Stewart et al., this vdume). If the equilibration hypothesis 
holds and the populations are left oompletely undisturbed, they should 
eventually level off and then decline as they also fully exploit their major 
fixxl species. 

PrtdiUions from the Envinmmmtal Change Hypothesis 
The central premise of this hypothesis is that the Southern Ocean presents 
elephant seals with an environment where their specific food resources are 
patchily distributed in both space and time, and this patchiness is in- 
fluenced by ENSO events. Accessibility to these patches directly affects sur- 
vival of first-year animals (and thus regulates poptilation size) and can 
change over short periods (less than a decade). 

Thus, if it is valid, first-year survivorship should change markedly over 
quite short time intervals, certainly within a decade and possibly at even 
shorter intervals; they should be nondircctional, responding directly to 
variations in the marine environment. In contrast, while the equilibration 
hypothesis also predicts changes in first-year survival, it predicts them to be 
directional with a trend for increasing survival as the population returns to 
its original level. 

If changes in weather patterns and ocean circulation have a direct effect 
on the distribution and abundance of elephant seal food resources (particu- 
larly those of first-year seals), then the seals would be expected to exhibit 
changes in feeding strategics and foraging grounds over quite short time 
spans, as they attempt to adjust to changes in den.sity and location of prey 
species. The hypothesis luriher predicts, as does the equilibration hypoth- 
esis, that first-year animals will have different feeding strategies and for- 
aging grounds than older seals. 

DIRECTIONS FOR FUTURE RESEARCH 

There are three main lines of investigation that should be pursued to test 
the predictions from these hypotheses and to promote understanding of the 
underlying reasons for the observed changes in elephant seal numbers. 
With most species of large mammals, juvenile survival is a major compo- 
nent of the process of population regulation. The single most striking aspect 
of the population dynamics of the Macquarie Island elephant seals was the 
decline in first-year survival that occurred in the early 19608. Changes in 
population size since that time may have been largely due to this major 
perturbation in the recruitment process, although it is unknown whether re- 
duced first-year survival was sustained after 1965. Both the equilibration 
and the environmental change hypotheses rely heavily on the premise that 
first-year elephant seals are different from adult seals, particularly with re- 
spect to diet and foraging areas or to their ability to exploit them. First-year 
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animals are also the component of the population that we know least about, 
and so they are an obvious target for research efforts. Foraging behavior 
and foraging areas can be studied and contrasted with those of adults, using 
timcKlcpth and geolocation recorders. Although a considerable number of 
recorders will inevitably be lost through natural mortality, making it dif- 
ficult and expensive to obtain acceptable sample sizes, this remains the best 
method for collecting the relevant data. It may also be possible to study 
diet directly as these young seals often haul out on sub-Antarctic islands 
during the winter months (Hindell and Burton 19886). 

Another priority is the establishment of demographic studies. There are 
two possible approaches. The first is to renew long-term mark-resighting 
programs similar to the one at Macquarie Island in the 19508 or the one 
that recently began at Marion Island (Bester and Wilkinson, this volume). 
Although these studies may not produce valuable data for a number of 
years, long-term demographic information is fundamental to testing several 
of the predictions outhned above and is also central to management deci- 
sions that may need to be made in the future. The second approach is to 
conduct cross-sectional age structure studies similar to those from South 
Georgia. These have the advantage of supplying some types of demographic 
data, such as estimates of age-specific survival, quickly. It may be possible 
to obtain age estimates from incisors painlessly removed under anesthetic 
(Ambom et aL 1992), which will greatiy increase the practicality of such an 
approach. 

Another research priorit> is the maintenance of simple censusing pro- 
grams. In many ways, this should be seen as the primary research priority, 
as it can be performed cheaply and easily at a large number of locations. 
Data on any future population fluctuations will be required to test predic- 
tions from both the equihbration and environmental change hypotheses and 
provide ongoing information on the status of the species throughout its 
range. 
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Population Ecology of Southern Elephant 
Seals at Marion Island 

Marthan N. Bester and Ian S. Wilkinson 



ABSTRACT. Research has highlighted the oondnued dedine in the southern ele|diant 
seal population at Marion Island, and Ufe table data implicate recently matured 
cows as the most vulnerable part of the population. Observation of <»ishore be- 
havior suggests that the fiutors producing the elevated mortality rates of these cows 
c^wrate at sea. Current research is concentrated on the investigation of at-sea 
behavior of this component of the population. 

Declines in the southern elephant seal populations in the sonthera Indian 
Ocean, including the population at Marion Island, have been evident since 
the 1970s (Condy 1978; van Aarde 1980; Skinner and van Aarde 1983; Bur^ 
ton 1965). Notwithstanding a number of hypotheses that have been offered 
to explain the observed declines (ibid.), the driving forces behind them are, 
as yet, poorly understood. 

Comprehensive tagging studies commenced at Marion Island in 1983 to 
permit the first assessment of life history parameters such as agc-spedfic 
survival, agc-spccific fecundity, and age at maturity for iemales in the Mar- 
ion Island population based on data collected at Marion Island. Previous 
oonunents on population characteristics for this population (Condy 1977) 
were based largely on statistics drawn firom the populations at Maoquarie 
Island (Carrick and Ingham 1962) and South Georgia (Laws I9G0). Such 
population parameters cannot tell us what the cause of the decline is, but 
they can highlight weak links within the population at this site, which 
allows the focusii^; of future research eflbrts. 

This chapter describes the present status of the Marion Island popula- 
tion and analyzes the population based on parameters derived firom the 
1983 cohort. In addition, we present the first data on movements of cows 
firom Marion Island dining the pelagic phase of their life cycle. 
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METHODS 

Counts of pups were conducted in a main study area (MSA) repre- 
senting ±10% of the coastline at Marion Island (46°54'S, 37'*45'E) dur- 
ing the breeding seasons from 1974 to 1989 following the methods of P. R. 
Condy (1978). In 1976 and 1986-1989, the number of births for the 
whole of Marion Island was determined from counts made at all the breed- 
ing beaches at the end of October (Wilkmson and Bester, in pfess). The 
number of pups bom in the MSA expressed as a percentage (range: 24- 
31%) of the total island pup production was calculated for 1976 and the 
years 1966-1989. Given that the proportion of births occurring in the MSA 
did not change significantly in these years (Wilkinson 1991), the pup 
population in the MSA is assumed to be representative of the entire popula- 
tion as an index of population size. Rates of population change were calcu- 
lated using the exponential equation (Gaughley 1977) 

Nt = NoC" 

for the periods 1974-1989 and 1983-1989. The years 1983-1989 coincide 
with the period for which data on population parameters are available. 
From 1983 onward, weaned pups were tagged and beaches around llic 
whole of Marion Island searched at 7- to 10-day intervals to resight these 
individuals (Bester 1989; Wilkinson 1991). Age-specific survival rates incor- 
porating tag losses were calculated using Jolly-Seber mark-recapture analy- 
sis (see W ilkinson 1991). Rates of loss for individual tags ranged from 0.5% 
in the first year to 4.5% in the lilth year, which yielded combined loss rates 
(two tags) of 0.0 to 0.6%. Intercohort differences in tirst-year survival were 
calculated according to I. S. Wilkinson (1991). Calculation of age at first 
reproduction followed the method of A. E. York (1983), and fecundity fol- 
lowed the method of Wilkinson (1991). Sex ratio at birth was taken to be 
the same as the ratio of male:female weanlings that were lagged between 
1983 and 1989 (Wilkinson 1991). The net reproductive rate (Ro)> calcu- 
lated using the equation 

Ro = 2lxinx 

where SlxRix ~ die sum of the product of the age-specific survival and 
fixundity values of females of a cohort (Gaughley 1977), of the population 
at Marion Island and other components of the life table are described in 
Wilkinson (1991). In calculating the life table, empirical data were used up 
to age 5, after which the mortality rate was assumed to be constant (Har- 
wood and Prime 1978) until a year or two before death (McGann 1985). 
Fecundity rates were assumed to remain constant after the age of ftill re- 
cruitment (age 6 in this population) to the breeding population until death, 
with no reproductive senescence (Hindell and Little 1988). All cows were 
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Fig. 5.1. Annual pjup production for southern elephant seals within the MSA, 
Marion Island, for the years 1983 to 1989. The equation refers to the line fitted 
through the data points using least squares regressicm analysis (Zar 1984). 



assumed to produce only one pup (Laws 1956), at a sex ratio found in the 
present study, and female longevity was 23 years (Hindell and Little 19fi8). 

Data on individual movement of postbreeding cows (n « 3, aged 4, 7, 
and 7 years) at sea were collected with microprocessor-controlled Time- 
Depth Recorders (Wildlife Computers, Woodinville, Wash.) using the geo- 
location option, which included measurement of surface water temperature. 
The recorders were deployed on cows that were immobilized chemically 
using a remote injection method (Bester 1988&) and following procedures 
detailed in M. N. Bester and H. M. Pansegrouw (1992). The Geoloca- 
tion analysis software package of Wildlife Computers was used to calcu- 
late the daily longitude and latitude from light-level data, the theory and 
precision of which are discussed by R. D. Hill (1991). 



RESULTS AND DISCUSSION 

Trends in Population Size and Population Parameters 
The Marion Island population declined an average of 4.8% per annum be- 
tween 1974 and 1989; it had slowed to 1.9% per arnuun between 1983 and 
1989 (fig. 5.1). The total island pup production for 1989 was 585 indi- 
viduals. As immigration and emigration are virtually nonexistent (Burton 
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TAB L E 5 1 Life table of female southern elephant seab of the 1 983 cohort 

at Marion Island. Values after age 5 are calculated according to the 
assumptions mentioned in the methods section (from Wilkinson 1991). Net 

reproductive rate = 0.661. 



Ag€(x) 


Probability of 
survival (Ig) 


Probability 
of dying 
(dj 


Mortal itv 
rate (qj 


Pregnancy 
rati 


Fecundity 

M 




0 


1.000 


0.382 


A OOO 

0.382 


A AAA 

0.000 


A AAA 

0.000 


0.000 


1 


0.618 


0.168 


A nm 

0.272 


A AAA 

0.000 


A AAA 

0.000 


A AAA 

0.000 


2 


0.450 


0.098 


0.218 


n AAA 

0.000 


A AAA 

0.000 


0.000 


3 


0.352 


0.096 


0.273 


0.262 


0.128 


0.045 


4 


0.256 


0.045 


0.176 


0.565 


0.276 


0.071 


5 


0.211 


0.037 


0.176 


0.763 


0.373 


0.079 


6 


0.174 


0.031 


0.176 


1.000 


0.489 


0.085 


7 


0.143 


0.025 


0.176 


1.000 


0.489 


0.070 


8 


0.118 


0.021 


0.176 


1.000 


0.489 


0.058 


9 


0.097 


0.017 


0.176 


1.000 


0.489 


0.047 


10 


0.080 


0.014 


0.176 


1.000 


0.489 


0.039 


U 


0.066 


0.012 


0.176 


1.000 


0.489 


0.032 


12 


0.054 


0.009 


0.176 


1.000 


0.489 


0.026 


13 


0 045 


0.008 


0.176 


1.000 


0.489 


0.022 


14 


0.037 


0.007 


0.176 


1.000 


0.489 


0.018 


15 


0.030 


0.005 


0.176 


1.000 


0.489 


0.015 


16 


0.025 


0.004 


0.176 


1 .000 


0.489 


0.012 


17 


0.021 


0.004 


0.176 


1.000 


0.489 


0.010 


18 


0.017 


0.003 


0.176 


1.000 


0.489 


0.006 


19 


0.014 


0.002 


0.176 


1.000 


0.489 


0.007 


20 


0.012 


0.002 


0.176 


1.000 


0.489 


0.006 


21 


0.010 


0.003 


0.250 


1.000 


0.489 


0.005 


22 


0.007 


0.004 


0.500 


1.000 


0.489 


0.003 


23 


0.003 


0.003 


1.000 


1.000 


0.489 


0.001 



1985; Bcster 1989; Gales, Adams, and Burton 1989), the observed decline 
must be a consequence of an imbalance between births and deaths within 
the population. 

Cows of the 1983 cohort produced pups for the first time at age 3. An 
estimated 26.2% of cows had produced pups at age 3, 56.5% at age 4, 
76.3% at age 5 and 100% of those cows known to still be alive at age 6. 
The sex ratio of 3,856 pups tagged between 1983 and 1989 was 1.04:1 
(male:female), which does not differ significantiy from unity 0^(1) » 1.82, 
p > .05). The mean age of these females at first pupping was 4.41 years. 

Survival of females was 61.8% to age 1, 45% to age 2, 35.2% to age 3, 
25.6% to age 4, and 21.1% to age 5 (table 5.1). The mortality rate 
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decreased up to age 3, then increased in the fourth year, and further 
decreased from age 4 to 5 (table 5.1). Intercohort comparison (^first-year 

survival showed no differences for the years 1983 to 1988. 

An indication of the viability of a population is shown by its net repro- 
ductive rate (Ro). The represents the number of daughters born to a 
female during her Ufetime, or the rate of increase in the population with 
each passing generation (Caughley 1977). Therefore, to maintain itself, a 
population must have an Ro of 1. In the case of the population at Marion 
Island, the Ro is 0.661, resulting in a loss of 34% of the population with 
each passing generation. As Ro is a composite of both survival and fecundi- 
t>', it can be affected by age-specific survival, pregnancy rate, and sex ratio 
ofofispring. 

The mean age at first pupping and hence recruit mm t to the adult com- 
ponent of the population is similar for Marion Island and the stable South 
Georgia population (McCann 1985; McCann and Rothery 1988) and occurs 
a year earlier than at Macquarie Island (Hindell 1991) The apparent 
100% pupping rates of females age 6 and older arc higher than the 85% 
reported at South Georgia (McCann 1985), and only re|>orts for hooded 
seals (98%; 0ritsland 1964, in Ricdman 1990) and northern elephant 
seals (97.8%; Le ik)euf and Reiter 1988) are similar in magnitude. 

Observations of sexual behavior at a single beach at Marion Island over 
three consecutive summers showed that dominant bulls controlling the 
harems in these years achieved over 98% of all matings and that the suc- 
cess of these matings was not affected by their timing in the season, or by 
prior (during the same season) levels of sexual activity of the bull (Wilkin- 
son 1991). In view of the high pupping rates observed and the observed 
effectiveness of the few bulls that did breed, the "paudty of males" hypoth- 
esis (Skinner and van Aarde 1983) can be dismissed as a possible factor in 
the decline. 

Manipulation of Life Table Data 
The proportion of female pups at Marion Island (48.9%) is higher than the 
figure of 47% quoted for South Georgia, which resulted in an of greater 
than 1 (McCann 1985). The proportion ot temale pups born would need to 
increase to 75% to allow the R^, to reach a value of 1 if pupping rates and 
age-specific survival remained constant (tabic 5.2). 

When considering the age at primiparity, maturity would have to be 
advanced by two years, with breeding beginning at age 1 (26.2% pupping) 
and recruitment to the adult population complete by age 4 (100% pup- 
ping), to realize an R,j of 1. The present mean age at maturity (4.41) is 
already lower than previously reported at this site (Condy 1977) and simi- 
lar to the stable South Georgia population (McCann 1985). Ciiven that the 
cows are reproducing at an age that is already early for this species and 
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TABLE 5 2 The effcct on net reproductive rate, Ro , of changing the 

proportion of female pups born to southern elephant seal cows at Marion 
Island, while maintaining age-specific pupping and survival rates at the 
levels in table 5.1 (from Wilkinson 1991). 



PtnenU^e of ftmali bom New r^roAutm rate (R^) 



48.9 




0.661 


50.0 




0.675 


55.0 




0.743 


60.0 




0.811 


65.0 




0.878 


70.0 




0.946 


75.0 




1.013 


TABLE 5.3 Ihc ctfcct OH nct reproductive rate, R, 


, of changing the first- 


year survival rate of fema 


le southern elephant seals 


at Marion Island, while 


maintaining age-specific fecundity and survival rates (after age 1) at the 


levels III 


table 5.1 (from Wilkinson 1991). 


PtretnUtgt ^Jkmal* surviving to age I 


Net nproduetioe rate (R^) 


61.8 




0.661 


65.0 




0.693 


70.0 




0.750 


75.0 




0.802 


80.0 




0.863 


85.0 




0.933 


90.0 




0.985 


95.0 




1.033 


100.0 




1.087 



that they are producing offspring at the maximum rate, it would seem that 
age-specific survival is the key to the decline. Higher survival rates would 
improve age-specific survival/fecundity values and the resultant Ro value. 

Assuming all other parameters are held constant, first-year survival 
would have to increase to 95% to produce a stable population (table 5.3). 
The present observed survival to age 1 is already the highest ever reported 
for this species, and given the major improvement that is required to stabi- 
lize the population, it seems unlikely that this b the vulnerable age group. 
Studies on the reproductive success of cows at Marion Island also showed 
low preweaning mortality rates (Wilkinson 1991). 

llie annual adult survival rate of females (82.4%) is too low to maintain 
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TABLE 5.4 The effect on net reproductive rate, Rq, of changing the annual 

adult survival rate (^female southern elephant seals at Marion Island, 
while maintaining age-specific fecundity and survival rates (up to age 5) at 
the levels in table 5.1 (from Wilkinson 1991). 



Amuul sumoal raU of adult fiaudes Net nproAutive ratt (R,) 



82.4 


0.661 


83.0 


0.676 


84.0 


0.709 


85.0 


0.762 


86.0 


0.817 


87.0 


0.866 


88.0 


0.917 


89.0 


0.981 


90.0 


1.043 



the population and needs to be increased to 90% to stabilize the population 
(table 5.4). The assumption made that survival rate of adults remains con- 
stant from age 5 until a year or two before death at age 23 (Hindell and Lit- 
tle 1988) contrasts with the view of T, S. McCann (1985) and R. M. Laws 
(1960) who assumed survival to remain constant from maturity to age 10 
and then decline annually until death at age 20. However, the assumption 
of constant adult survival agrees with a study on gray seals, Halichoerus gry- 
pus, by J. Harwood and J. H. Prime (1978) and provides the highest that 
is possible. If survival declined after age 10, the Rq would be lower still. 

This manipulation of life table data shows the relative importance of the 
first year and adult components of the population. A 1% change in annual 
adult survival results in an approximately 5% change in (table 5.4) but 
only a 1% change in Kc, when first-year survival is changed by a similar 
amount (tabic 5.3). As mentioned, survival to age 1 is higher than ever re- 
ported in this species, and if it is then assumed that adult annual survival 
rate is not abnormally low, then it may be juvenile survival rates that are 
the problem, resulting in lowered rccruitmeni (o tlie adult age class. 

If the figures lor first-year survival and adult annual survival (from age 5 
onward) described above arc assumed correct and maintained, while re- 
placing juvenile survival (I2— U; see table 5.1) with the values calculated 
for South Georgia (McCann 1985), the value exceeds one (table 5.5). 

Mortality Rates of Recently Matured Cows 
The data for the 1983 cohort show that there is an increase in the mortality 
of 3-year-old females. This increase in mortality comes at a crucial time for 
the population. Although this age group is not the most rcproductively 
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TABLE 5.5 Life table of female southern elephant seals of the 1983 cohort 

at Marion Island. Mortality rates from age 1 to 5 years {qi — gt) have been 
replaced by those reported for South Georgia (McCann 1985), while 
maintaining the reported first-year mortality rate and those after age 5 
(from Wilkinson 1991). Net reproductive rate Ro= 1.072. 

ProbabUUy 

Probability of of dying Mortality Pregnamy Fecundity 



As* W 






(9k) 




/in ) 




0 


1.000 


0.382 


0.382 


0.000 


0.000 


0.000 


1 


0.618 


0.108 


0.175 


0.000 


0.000 


0.000 


2 


0.510 


0.061 


0.120 


0.000 


0.000 


0.000 


3 


0.449 


0.054 


0.120 


0.262 


0.128 


0.058 


4 


0.395 


0.047 


0.119 


0.565 


0.276 


0.109 


5 


0.348 


0.061 


0.176 


0.763 


0.373 


0.130 


6 


0.287 


0.050 


0.176 


1.000 


0.489 


0.140 


7 


0.237 


0.042 


0.176 


1.000 


0.489 


0.116 


8 


0.195 


0.034 


0.176 


1.000 


0.489 


0.095 


9 


0.161 


0.028 


0.176 


1.000 


0.489 


0.079 


10 


0.133 


0.023 


0.176 


1.000 


0.489 


0.065 


II 


0.110 


0.019 


0.176 


1.000 


0.489 


0.054 


12 


0.091 


0.016 


0.176 


1.000 


0.489 


0.044 


13 


0.075 


0.013 


0.176 


1. 000 


0.489 


0.037 


14 


0.062 


0.011 


0.176 


1.000 


0.489 


0.030 


15 


0.051 


0.009 


0.176 


1 .000 


0.489 


0.025 


16 


0.042 


0.007 


0.176 


1.000 


0.489 


0.021 


17 


0.035 


0.006 


0.176 


1.000 


0.489 


0.017 


18 


0.029 


0.005 


0.176 


1.000 


0.489 


0.014 


19 


0.024 


0.004 


0.176 


1.000 


0.489 


0.012 


20 


0.020 


0.004 


0.176 


1.000 


0.489 


0.010 


21 


0.016 


0.004 


0.250 


1.000 


0.489 


0.008 


22 


0.012 


0.006 


0.500 


1.000 


0.489 


0.006 


23 


0.006 


0.006 


1.000 


1.000 


0.489 


0.003 



valuable (evidenced by the l^mx values in table 5.1), a high mortality rate 
at this age will, combined with high juvenile mortality, reduce the Icvd of re- 
cruitment to the adult population and thus affect the survival/fecundity 
schedule, lowering Ro- The sharp increase in mortality among d-ycax^M 
females comes at a time when animals at Marion Island are maturing sex- 
ually and are exposed to greater physiological stress levels resulting from 
gestation and lactation. 

Gestation and the postpartum lactation period impose increased cner- 
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getic demands on the female, and these costs are relatively higher among 
young females (Reiter and Le Boeuf 1991) that are still in a more rapid 
phase of growth and development than their older counterparts (Laws 
1953; Reiter, Panken, and Le Boeuf 1981). During the lactation period the 
cows may also lose up to 43% of their initial prepartum mass (Costa et al., 
1986). Co%vs at Marion Island that were observed leaving the breeding 
beaches at the end of lactadon were noticeably emaciated (Wilkinson 
1991), implying a severe drain on their body reserves. In contrast, some 
cows at South Georgia were obsers cd lo leave the beaches with large blub- 
ber stores intact (McCann, Fedak, and Harwood 1989), possibly indicating 
that the nutritional status of the cows at the two sites differs. 

Given current knowledge of the terrestrial component of the life cycle at 
Marion Island, it would appear that factors operating during the pelagic 
phase of the annual cycle, of subadult and adult cows in particular, hold 
the key to the decline process. 

Otw Mouenmis at Sea 
The three cows that were tracked ranged over entirely different areas (fig. 
5.2). None were followed for the total time at sea (67, 69, and 78 days, 
respectively), but two cows appeared to be returning to the island when re- 
cordings ceased. The cows spent a large proportion of their time in reason- 
ably well-defined areas at, or near, the limit of their feeding range (between 
1,100 and 1,400 km) (Bester and Pansegrouw 1992). The most circum- 
scribed foraging area (that of the 4-year-old cow) lay south of the Antarctic 
Polar Front at 54°-57'^ latitude and 25°-29°E longitude in cold surface wa- 
ter (minimum temperature of — 1.7°C). The two other cows moved north to 
widely separated (by 15°-20° longitude) areas between approximately 40**- 
45**$ latitude (fig. 5.2). The northwest-bound cow encountered warmer sur^ 
lace water (maximum temperature of 14. TC) consistent with the mean 
position of the Subtropical Convergence at 41''40'S latitude which is recog- 
nizable at the sea surface by a mean decrease in temperature from 17.9°C to 
10.6^C (Lutjeharms, Walters, and Allanson 1985). The northeast-moving 
cow appeared to remain in water between 5.3°C to 7.3°C at the Subantarc- 
tic Front (central surface temperature 7°C; Lutjeharms 1985). The cows 
therefore ranged widely without overlap in their feeding areas, the choice of 
which might have been influenced by biological enhancement at oceanic 
frontal systems (see Lutjeharms, Walters, and Allanson 1985). It is Hkely, 
however, that the small sample size has identified only a small part of the 
actual feeding range of elephant seal cows from Marion Island during the 
postbreeding period (Bester and Pansegrouw 1992), since three of five post- 
breeding cows from Macquarie Island foraged in deep oceanic waters off 
the Antarctic coast (Hindeil, Burton, and Slip 1991). 
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Fig. 5.2. At-sea movements of 3 southern elephant seal cows from Marion Island, 
during their postbreeding pelagic period. The mean positiim of the Antarctic Polar 
Front is shown (dashed line). 
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Biomass and Energy Consumption of the 
South Georgia Population of Southern 

£lephant Seals 

Ian L. Boydy Tom A. Ambcm, and Michael A, Fedak 



ABSTRACT. Thc total annual energy expenditure was estimated for di&rent age and 
sex classes of southern elephant seab, Mimaiga Umdiia, that breed at South Georgia. 
The estimated energy costs cf reproduction, growth, foraging, and molt were used 
to odculate an annual energy budget for individuals in each age and sex class. This 

was combined with fx>pulation size and ap[e structure to estimate population energy 
requirements. Thc estimated average metabolic cost ot maintenance for adult males 
and females was 0.17 and 0.39 MJ/year, respectively. Male biomass accounted for 
637o of the total population biomass (222,903 metric tonnes), and the metabolic 
power fi>r the whole population averaged over one year was 190 MWatts. Total 
energy expenditure of each SLgt class declined during the first two years but then be- 
gan to increase because d the onset of re|Hroduction in females and because of in- 
creased energy costs of foraging and growth in males. Foraging accounted for 63.2% 
and 68.2% of the annual energy budget in males and females, respectively. The 
total annual energy expenditure was 6.01 X 10^ MJ/year, and 59% of this was 
accounted for by males. The gross energy requirement was 7. 89 X lO*' MJ/year. The 
production efficiency was 8.2% Average daily gross energy intake during potential 
foraging periods was 77.3 and 43.2 MJ/day for males and females, respectively. This 
suggested a capture rate of 0.26 and 0.15 kg of fish or muscular squid per dive for 
males and females, respectively. Biomass of food consumed depended on assump- 
tions about diet composition. If southern elephant seals at South Georgia fed exclu- 
sively on squid, the ccmsumption biomass was 2.28 X 10^ tonnes/year. 



Total food or energy requirements of pinnipeds are important for assessing 
the impact of their populations on marine resources and the potential effects 
of changes in the abundance of prey on population size and distribution. 
Within a pinniped population, demand for food can vary between different 
age and sex classes because the abundance of individuals is a declining 
(unction of age and there are differing nutritional requirements for growth 
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or rq>roduction within each ag€ and sex class. Although an estimate of the 
total energy requirements of a population can be useful, it is often more in- 
structive to estimate energy demand for different age and sex classes be- 
cause this can help to identify which parts of a population are most vulner- 
able to food shortage or which have the greatest potential impact on food 
resources. 

This study is concerned exclusively with southern elephant seals, Miroun- 
ga leonina^ that breed at South Georgia. This population has remained 
stable since the 1950s (Laws 1960; McCann and Rothcry 1988), but this 
study has clear implications for interpretations of factors leading to declin- 
ing numbers of southern elephant seals in other populations (van Aarde 
1980; Skinner and van Aardc 1983; HindeU and Burton 1987; Hindell 
1991). In addition, calculation of the total energy requirements of a popula- 
tion involves the synthesis of data about age structure, growth, and energy 
costs of reproduction, molt, locomotion, and foraging. Therefore, it is a 
means of highlighting the strengths and weaknesses of current data sets 
within a structured model. 

Estimates of annual food consumption among phodds have been made 
for harp, Phoca gromlandica (Lavignc et al. 1985), gray, Halichoerus grypm 
(Fedak, Anderson, and Harwood 1981), and southern elephant seals (Laws 
1977; McCann 1985). The estimates for harp and gray seals were based on 
empirical and best estimates of the energy budgets of individuals (derived 
from analyses of carcass composition), energy investment in reproduction, 
and measured metabolic costs of maintmance, growth, and age-dependent 
survivorship, combined with diet composition and assimilation eflSciency to 
estimate food consumption. In contrast, estimates for southern elephant 
seals were largely based on crude estimates of food consumption per unit of 
biomass, which gives little scope for estimating the effects of changes in 
prey abundance on the population or of changes in the population para- 
meters on food consumption. More recently, studies using time-depth- 
temperature recorders have provided significant information about the 
foraging of southern elephant seals (Bos d and Arnbom 1991; Hindrll 1991) 
in terms of both swimming behavior and the location of prey in the water 
column. This has been augnu nu d by detailed studies of the diet (Kodhouse 
et al. 1992) and population si/e (McCann and Rolhcn,' 1988). 

The main objeetives of this paper were to: (1) bring together recent in- 
formation about southern elephant seal energetics (Fedak ci al., this 
volume) by considering energy consumption in the broad context of the 
South Georgia population; (2) show how energy denuuid changes in rela- 
tion to age both {or individuals and Ibr whole age classes; (3) contrast pat- 
terns of energy demand in the two sexes; and (4) provide an indication ot 
what interaction there is likely to be between elephant seals and commer- 
cial fisheries in the Atlantic sector of tlie Southern Ocean. 
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TABLE 6.1 Population parameters used to estimate energy requirements 
for the South Georgia population of elephant seals. 

Females Males 
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•From MoCann 1965. 



METHODS 

Pofndatien Pananeters, Grow A, and Bimass 
AnmuU Sumval Rate, T. S. McCann's (1985) revision of R. M. Laws's 
(1960) life tables for male and female southern elephant seals was used to 
provide statistics on survival rates from birth to 20 years of age (table 6.1). 
These were based on cross-sectional age distributions lirom material col- 
lected by Laws and from a collection made in 1978. Comparison was made 
between these survival rates and those for the Macquarie Island stock 
(Hindell 1991), where longitudinal data have been collected on survival 
rates of individuals. Estimates of survivorship dilTered for the two stocks, 
especially survival rates up to 1 year and in the 5- to 12-year age classes 
(ibid.). Given that the Macquarie Island stock has been in decline while the 
South Georgia stock has been stable in recent years (Hindell and Burton 
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0 t> ao 

Age (years) 

Fig. 6.1. The idatumship between nose-tail (N-T) straight length and age for 

female (dots) and male (open circles) southern elephant seals. Data were from Laws 
(1953), and Gompertz growth models (large dots and solid line for females; large 
open circles and dashed line for males) were fitted by least squares regression. The 
regression equations w ere: 

female length = 1 68 + 1 28 X e( -e - 0.028[age - 4.5]) 
male length = 202.4 + 264.9 X e(-e - 0.039[age - 39.73J) 



1987; McCann and Rothcry 1988), reduced survival at Macquaric Island 
would be sufficient to account for this difference. The maximum longevity 
for a female elephant seal from South Georgia is 21 years (Arnbom et al. 
1992), which is close to the 20 years predicted by McCann's life table. 

Survival rate estimates for males are less certain than those for females. 
Males were assumed to become sexually mature at 4 years of age but did 
not breed until they were > 6 years of age (Laws 1953). 

Growth. For the purposes of this analysis, we define the mean size of 
seals in any age class as the size at the end of the period of reproductive in- 
vestment each year (the end of the breeding season). For seals < 1 year old, 
this means from the time of nutritional independence or weaning. Laws 
(1953) gave the nose-tail curved lengths of male and female elephant seals 
in relation to age. Curved lengths are about 10% greater than nose-tail 
straight length, so Laws*s data were corrected to the equivalent nose-tail 
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Fig. 6.2. The relationship between no5?e-tail straight length and mass for 162 female 

elephant seals. The Uoc was fitted by least squares regression (length — 22.61 + 

25.33 mass3). 

straight length and asymptotic growth curves were fitted to the data by 
least squares regression (fig. 6.1). The predicted values for each age were 
used as the mean length for a given age (table 6.1). The model overesti- 
mated weaning mass of both sexes, so the values given by T. S. McCami, 
M. A. Fedak, and J. Harwood (1989) were used for this age dass. 

Recent studies in which females were chemically immobilized (Baker et 
al. 1990; McCami, Fedak, and Harwood 1989; Boyd, Ambom, and Fedak 
1993) have yielded a relationship between mass and nose-tail length for 
females (fig. 6.2). This was used to estimate mean mass for each age dass 
of elephant seal (table 6.1). The relationship between mass and length in 
males described by Bryden (1969^, 1972) was used to calculate the equiva- 
lofit mass-age relationship for males. The pectoral girth <^ seals was also 
estimated using the equations in M. M. Bryden (1%9&) which were subse- 
quendy corrected (Bryden 1972; see table 6.1). 

Bkmass, The number of individuals in each age dass was calculated 
from a pup production of 102,000 (McCann and Rothery 1968), assuming a 
1 : 1 sex ratio at birth (McCann 1985) and a stable population age struc- 
ture. The biomass of each age dass was derived from the product of the 
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number of individuals in each age class and the mean mass of those indi- 
viduals (tabic 6.1). The total body gross energ>' (TBGE) for that binmass 
was calculated using the equation provided by J. J. Reilly and M. A. Fedak 
(1990) derived from body composition analyses of gray seals. We assumed a 
mean watw content of 55% derived from estimates of northern elephant 
seal, M. angustirostris, water content during lactation and molt (Costa ct al, 
1986; Worthy et al. 1992). The validity of using the Reilly and Fedak equa- 
tion on different species was discussed in relation to other work on ringed 
seals, Phoca hispida (Stirling and McEvvan 1975), and was broadly con- 
firmed by I. L. Boyd and C. D. Duck (1991). Estimates of biomass are 
calculated in metric tonnes; 1 tonne equals i,000 kg. 

Energy Expenditure 

The annual cycle of southern elephant seals involves three distinct activi- 
ties: (1) reproduction in adult seals, (2) molt, and (3) foraging at sea (Laws 
1960). £ach of these will have a characteristic energy cost depending on the 
mass, reproductive status, and sex of the seal. An additional cost will be in- 
curred in terms of body growth, which will vary with age, although reversi- 
ble growth, such as seasonal fattening before breeding or molt, is consid- 
ered as one of the costs of reproduction or molt in this analysis. The total 
energy expenditure (£) for an individual southern elephant seal can be ex- 
pressed as 

E-ER + EG + EF + EM, (1) 

where ER, EG, EF, and EM are the energy costs of reproduction, growth, 
foraging, and molt, respectively. ER includes the heat increments of lacta- 
tion, gestation, and, in the case of males, harem defense and competition for 
mates. EF mcludcs the heat increments of locomotion and feeding the esti- 
mates of assimilation efficiency and duration of foraging. EG includes the 
energy value of tissue growth but excludes seasonal changes in body 
reserves. 

Energy oj Reproduction. The metabolic rate, measured by metabolic water 
production, of female southern elephant seals during lactation was 88 MJ/ 
day (Fedak et al., this volume) or 3.1 times the predicted standard metabol- 
ic rate (SMR). The general relationship (SMR = 0.293 " be- 
tween SMR and bodv mass of mammals has been discussed and confirmed 
for seals by Lavignc ct al. (1986). Energy expenditure on metabolism was 
46% ot total energy expenditure. This shows that the total energy expendi- 
ture of lactation is 6 times SMR, which is in close agreement with measure- 
ments made in northern elephant seals (Costa ct al. 1986). The mean dura- 
tion of suckling used to calculate the heat increment of lactation was 23 
days for mothers with either male or female pups (McCann, Fedak, and 
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Harwood 1989; Fedak et al., this volume). Thus, the energy of reproduc- 
tion for an individual female was obtained from 6 X SMR x 23. 

The mean mass of elephant seals at birth was 42.5 kg (McCann, Fedak, 
and Harwood 1989). The energy density of fetal seals at term has been 
calculated for ringed seals (9.04 MJ/kg: Stirling and McEwan 1975), harp 
seals (7.24 MJ/kg; Worthy and Lavigne 1983) and gray seals (5.76 MJ/kg; 
Anderson and Fedak 1987). The variation in these hgures probably reflects 
species differences in the fat content of pups at birth. We do not know 
which value is the most appropriate for southern elephant seals, but because 
some of the ringed seal pups in I. Stirling and £. H. McEwan's study 
(1975) could have been suckled and this figure may be an overestimate of 
energy density, we used a conservative value of 6.5 MJ/kg in this analysis. 
The mass of southern elephant seal placentas is 5 kg, and an energy den- 
sity of 0.46 MJ/kg (Lavigne and Stewart 1979) was used to calculate total 
energy content. 

There is less information about the ( nc r try costs of reproduction in 
males. The only pinniped studies that have measured energy expenditure 
showed that breeding male northern elephant seals and territorial male 
Antarctic fur seals, Arclocephalus gazella, both have metabolic rates 3.3 times 
SMR (Deutsch, Haley, and Le Bocuf 1990; Boyd and Duck 1991). The 
competitive mating behavior of these species is similar to the southern 
elephant seal (McCann 1981). Therefore, we used the same value to calcu- 
late the metabolic costs of reproduction in males >6 years of age. Accord- 
ing to McCann (1980), the number of bulls ashore at the breeding grounds 
increases from September 1 to October 1 and remains roughly stable there- 
after until November 18 when the number declines rapidly. We have 
assumed that they are present from September 14 until November 20 (58 
days). The duration of the postweaning fast for pups was 45 days. 

Energy of Molt. The energy cost of molt in southern elephant seals was 
estimated to be 2.4 times SMR (Boyd, Arnbom, and Fedak 1993), which is 
similar to that measured for adult female northern elephant seab (Worthy 
et al. 1992). Molting lasts 28 and 40 days on average in adult female and 
male southern elephant seals, respecdvdy (Ling and Brydcn 1981). These 
values were used to calculate the heat increment of molt in both sexes. 

Energy of Growth, The body composition of southern elephant seals 
shows minor changes at different stages of life (Bryden 1969a). However, 
because the scale of these changes is small, we have assumed that growth 
of body components is proportional to growth in total mass. The annual 
growth increment of southern elephant seals was calculated from the data 
on body mass (table 6.1), and the energy increment it represents was calcu- 
kited using the equation for TBGE provided by ReiUy and Fedak (1990). 
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Energjf of Foraging. Activity budgets of seals during the aquatic phases 
of the annual cycle arc based on time depth recorder outputs for southern 
elephant seals (Boyd and Arnbom 1991; Slip, Hindell, and Burton, this 
volume). While at sea, adult elephant seals spend 88% of their time diving. 
Velocities of descent and ascent were 1.64 m/s and 1/44 m/s, which makes 
sense in terms of empirical measurements of the cost of transport in phocids 
(Davis, Williams, and Kooyman 1985; Williams and Kooyman 1985). 
Seventy-four percent of dives had a profile showing that the seals remained 
at a specific depth for 54% of the duration of the dive. A further 10% of di- 
ves had a period when the seals remained at a constant depth befixre the re- 
sunq}tion of a descent phase, and 16% of dives had no period spent at con- 
stant depth. Mean dive duration was 1 7 minutes for each type of dive. 

The work required to transport a body through seawater u given by 

E = 0.5XrXCDxAxV2xL, (2) 

where CD is the coeflficient of drag, V is the velocity, r is the average water 
density ( 1.027 x 103 kg/m^ for the Southern Ocean, data from British 
Antarctic Survey), A is the maximum cross-sectional area, and L is the dis- 
tance. This is an extended form of the equation of drag (WilHams 1987). 
Estimates of CD will depend on the shape and size of the seal. Values of 
CD measured for seals range from 0.06 to 0.09 (Williams and Kooyman 
1985; Feldkamp 1987), but these are for gliding seals, and it is well known 
that the drag associated with active swimming is greater. Furthermore, an 
average adult female elephant seal (length 3.0 m) has a Reynolds number 
(Re) of 4.3 X 10^, which is close to Re = 5 X 10^ for turbulent flow at a 
velocity of 1.5 m/s. This suggests that most elephant seals are close to the 
boundary of turbulent flow. Put together, this suggests that the CD for 
southern elephant seals is greater than measured values for other species 
would suggest. Therefore, a value of 0, 12 was used in the calculation. 

T. M. Williams, G. L. Kooyman, and D. A. Croll (1990) showed that 
harbor seals, Phoca vitulina, had a swimming eflicicncy (power output as a 

percentage of power input) that varied with velocity but was approximately 

10% at 1,5 m/s. 

Using the parameters given in table 6.1, we calculated the a\cragc cost 
of transport for the South Georgia elephant seal population. This assumed 
that most elephant seals forae^e in a way similar to the small sample for 
which detailed measurements are available. It also assumed that nonbreed- 
ers continued to forage during the breeding season but that all seals molted 
on land. 

For harp seals, the heat increment of digestion was estimated to be 17% 
of the gross energv' intake (Gallivan and Ronald 1981), and for harp seals 
and northern fur seals, the assimilation efhciency was estimated to be 90% 
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of gross energy intake (Keiver, Ronald, and Beamish 1984; Fadely, 
Worthy, and Costa 1990) on a diet of hsh. There is no information for 
elephant seals, so we have used these figures in our calculations of the heat 
mcrement of foraging. 

Diet Composition and FopuUuion Energy Consumption 
It has been difBcult to obtain an accurate measure of the diet of southern 
elephant seals at South Georgia mainly because it has not yet proved possi- 
ble to measure diet at the foraging grounds. We have to rely on stomach 
samples obtained from elephant seals at the breeding and molting areas, 
which can be many hundreds of kilometers from the foraging areas (Fedak 
et al, this volume). Laws (1956) examined 139 stomachs, of which 108 con- 
tained no food; of the remainder, 24 contained sc^uid and 9 fish. Laws 
(1977) therefore suggested thai the diet of southern elephant seals consisted 
of 75% squid and 25% fish by weight. P. G. Rodhouse ei al. (1992) have 
described the cephalopod prey, from samples obtained by stomach flushing, 
and confirmed that squid made up the greatest projK)rtion of the diet. No 
fiish remains were discovered, but fish arc probably undcrrrprcscntrd in 
stomach flushes because of their rapid rate of digestion, rhcrcfore, we have 
little justification for departing irom Laws's overall figure (or diet com- 
position. In addition, we have to assume for the present that diet measured 
from stomach lavaging is broadly indica(i\ c of overall diet, although the 
analysis presented here also provides an indication of what amounts of 
different types of prey would be taken if the proportions of squid and fish 
departed from those suggested by Laws (1977). 

Energy densities vary considerably between ditlerent species of squid, SO 
the squid diet was divided into three parts: (1) muscular ^quid, (2) gelatin- 
ous squid, and (3) cranchiid squid, which have a leathery mantle. The 
classification of each species plus its representadon by percentage mass of 
squid in the diet is given in table 6.2. Energy values were assigned following 
A. Clarke et al. (1985). We assumed that fish taken were a mixture of myc- 
tophids and notothenids. Although there b no evidence that southern 
elephant seals feed on myctophids, they are dominant among species of 
shoaling fish in the parts of the water column in which elephants seals 
apparenUy feed (Hindell 1991; Boyd and Ambom 1991), which suggests 
that they are potential prey. Energy densities of myctophids are in the 
range of 7-8 HJ/kg (Gherel and Ridoux 1992), and we have used a value 
of 7.5 MJ/kg. The eneigy density of other fish species was assumed to be 
4 MJ/kg (ibid.). 

The total biomass of each item consumed in the diet was calculated finom 
the gross energy requirement of the population (GE), so that 

GE = 1 1„I U + I2„I2e + I3n,I3e + . . . + Inline, (3) 
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% Total squid 
btonuusindUt 

density 





Slides 


Females 


Males 


Typt 


(MJ/kg) 


A 

A 


Gonatus antarchau 


3.9 


3.2 


muscular 


4.0 


B 




10.6 


41.6 


cranchiia 


1.7 


C 


Mwotmu m^emtmt 


43.7 


15.4 


muscular 


4.0 


D 


Bmddoteu^is sp. 


0.5 


1.0 


* 

muscular 


4.0 


E 


Batoteuthis skoups 


<0.1 


<0.1 


muscular 


A A 
4.0 


F 


Histioteuthis sp. 


1.9 


0.9 


gelatinous 


2.0 


G 


Psychroteuthis gladalis 


12.1 


19.4 


muscular 


4.0 


H 


Alluroteuthis ^lacialis 


9.6 


12.2 


muscular 


4.0 


I 


Martalia hyadesi 


17.5 


3.1 


muscular 


4.0 


J 


Chiroteuthu 


0.2 


0.2 


gelatinous 


2.0 


K 


MastigoimMs psychrophila 




0.3 


geladnous 


2.0 


L 


CaHtaOkis gtadaUs 


0.2 


0.3 


cranchiid 


1.7 


M 


Mtmtjfthokuthis hamUtmii 


0.1 


0.2 


cranchiid 


1.7 


N 


PanUtbuu dmcoH 




1.7 


muscular 


4.0 


O 


Perdtdom pdjmrpha 




0,5 




4.0 



note: Moditied from Rodhouse et al. 1992 and Clarke et al. 1985. 



where 11^) • • • , Inm denote the mass of each item in the diet and 
I2e, . . . , Irie denote the energy value (MJ/kg) of each item. This equation 
was solved for the mass of each item from knowledge of the proportion by 
mass of each item in the diet. Therefore, 

In„, = E/(rlI le + r2I2e + rSISe + . . . + Ine), (4) 

where rl , r2, r3, and so on were the ratios of In^ to the mass of the other 
items in the diet. 

RESULTS 

Annual Energy Budget 
The pattern of enert^y demand by each age class reflected the changing 
number, mass, and reproductive condition with age (fig. 6.3). Total energy 
expenditure in both sexes declined initially, because of the high rate of juve- 
nile mortality, and then began to increase. Among females, this was due to 
the introduction of the additional burden of reproduction, while among 
males, the increase was the result of growth and increased costs of locomo- 
tion associated with larger body size. 

The energy expenditure of individual males increased to 55 X 10^ MJ up 
to age 10 with a sharp increase in energy expenditure associated with the 
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Fig. 6.3. Changes in the energy expenditure of different age classes of the stable 
southern elephant seal stock at South Georgia. 



beginning of reproduction at age 7 (fig. 6.4). In females, the asymptote of 
annual energy expenditure was reached at a similar age but at about one 
quarter of the energy expenditure of males. 

The total population size was 469,000, with a sex ratio of 1 .25 females 
for each male. The total biomass was 222,903 tonnes, of which male 
biomass made up 63% and the mean mass was 205 kg. The estimated total 
annual energy expenditure for the population was 6.01 X 10^ MJ, which 
was equivalent to 190 Mw averaged over the whole year. 
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Fig. 6.4. Changes in the per capita energy expenditure of female and male southern 
elephant seals in relation to age. 



The annual energy expenditure associated with foraging (EF) was 
63.2% and 68.2% of the total energy costs in males and females, respec- 
tively (fig. 6.5), and EF was the largest single form of energy expenditure. 
Overall, 65.2% of the energy expenditure of the population was spent on 
foraging. Among males, the energy expenditure of molt (EM) was the next 
largest energy demand (13.7%), and this was greater than the total energy 
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Fig. 6.5. Components of the annual energy budget of southern elephant seals from 
South Georgia. EF* foraging energy expenditure; EG ~ energy expenditure of 
growth; EM* energy expokUture molt; ER — energy expenditure of rqmxluo 
tion. 

expenditure of molt in females (10.8% of female total). Energy expenditure 
on reproduction (£R) was similar in the two sexes (3.87 X 10^ for 
females and 3.88 X lO^ MJ for males). This was 10.9% and 15.8% of the 
total energy expenditure for males and females, respectively. The energy ex- 
penditure on growth was 12.3% and 5.3% of the total expenditure for 
males and females, respectively. 

Food Consumption 

The total biomass of squid and fish (assuming 100% myctophids) con- 
stmied was 1.71 and 0.26 million metric tonnes per year, respectively (table 
6.3). The female section of the population consumed 0.63 and 0.11 million 
tonnes of squid and fish, while equivalent values for males were 1.08 and 
0.15 million tonnes, respectively. The biomass of each squid species con- 
sumed suggested that both males and females spedali:^ in the large. 
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TABLE 6.3 Expected biomass of different food items consumed by the 
South Georgia elephant seal population given different diet compositions by 
weight. This takes account of different energy values of prey items including 

those given for squid in table 6.2. 









Bwmm (X tm 


vm) 


Squid 


Myctophids 


Other iish 


Squid 


Myctophids 


Other hsh 


0 


100 


0 


0 


1.04 


0 


25 


75 


0 


0.30 


0.90 


0 


50 


50 


0 


0.70 


0.70 


0 


75 


25 


0 


1.28 


0.43 


0 


100 


0 


0 


2.17 


0 


0 


0 


0 


100 


0 


0 


1.95 


0 


50 


50 


0 


0.68 


0.68 


50 


25 


25 


0.84 


0.42 


0.42 


33 


33 


33 


0.52 


0.52 


0.52 


60 


30 


10 


0.97 


0.49 


0.16 



muscular spedes of high energy density (table 6.2) compared with the spe- 
cies of lower energy density (fig. 6.6). 

Production Efficiency 

The gross energy requirement (GE) of the population was 7.82 X 10^ lA^ 
(3.18 X 109 m for females and 4.64 X 10^ MJ for males), and the produc- 
tion energy was 0.65 X 10^ Ny. The production efficiency 
8.2%. On average, gross energy intake during potential foraging time was 
77.3 and 43.2 MJ/day for males and females, respectively. This suggests a 
capture rate of 0.26 and 0.15 kg of muscular squid or fish per dive for males 
and females, respectively, based on dive rates obtained from Boyd and 
Arnbom (1991) and D. Shp, M. Uindell, and H. Burton (this volume). 

DISCUSSION 

It was not possible to pro\ idc statistical confidence intervals on estimates of 
energy expenditure because of the very variable quality of the data used to 
produce these estimates. Therefore, the results should be interpreted with 
care, although there is evidence suppf)rting their accuracy. For example, 
our estimate of the gross energy requirements of the South Georgia 
elephant seal population compares well with the estimate lor harp seals 
given by D. M. Lavigne et al. (1985). They estimated a per capita energy 
requirement of 11.3 X 10^ M J/year, while for the larger elephant seal, the 
value was 16.8 X 10^ MJ/ycar. In addition, W. Sakamoto et al. (1989) esti- 
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mated the daily gross energy requirement for an average aduh female 
northern elephant seal when foraging as about 40 m/day. In this study we 
estimate a value of 41 MJ/day for the daily energy expenditure of adult 
females averaged over the whole year. 

Wc have estimated population biomass to be 1.21 times that estimated 
by McCann (1965). This is because we calculated biomass at the end of the 
breeding season, whereas McCann did not include the biomass of the O-h 
age class. His estimates of increasing mass with age were also more con- 
servativc, but our experience of weighing both male and female elephant 
seals has suggested that the estimates of mass given in table 6.1 are realis- 
tic There are also significant differences between the food consumption of 
the population estimated in this study compared with the estimate made by 
McCann (1985). We found a total biomass consumption of 2.1 million 
tonnes (given the 3: 1 numerical ratio of squid to fish in the diet), whereas 
McCann (1985) estimated this to be 3.68 million tonnes. The difference is 
largely caused by the figures used by McCann to translate population 
biomass into an estimate of food consumption. Following Laws (1977), he 
assumed that the annual food consumption was 20 times body mass. Our 
estimates suggest that for elephant seals the multiplier should be closer to 
10. This is similar to the estimate made for harp seals on a hsh diet by 
Lavignc ct al. ( 1985). 

A further reason for the reduced size of the multiplier is the apparently 
high production efficiency shown by southern elephant seals. W. F. Hum- 
phreys (1979) showed that production efficiency for mainly small herbivo- 
rous mammals rarely exceeded 5%. Respiratory costs are reduced in ele- 
phant seals because of the large body size (I.avigne ct al. 1986) and be- 
cause the cost of transport per unit of mass declines with increased mass. 
Since the c()st of foraging, whicli is largely associated w ith the cost of trans- 
port, was the major form of energy expenditure, then the respiratory costs 
of a population of large swimming mammals will be lower than a popula- 
tion with an identical biomass but made up of a greater number of small 
individuals. Thus, lh(^ production efficiency of a harp seal population is 
about half that of the elephant seal. The long delay in reproductive matur- 
ity of males alio cuiilribuicb gicalU lo the produclion rfTuiciKy because 
energy normally expended on reproduction is available to be routed into 
growth. 

Apart from the suggestion of Laws (1977), there is no evidence that 
elephant seals feed with a ratio of three parts squid to one part fish by 
weight. This highlights one of the greatest deficiencies in our knowledge of 
southern elepiiaiit seal foraging ecology. 7he diet may contain more or less 
fish, and it may also contain more benthic and demersal species that will 
have energy densities more similar to the muscular stjuid (4 MJ/kg, table 
6.2, Chcral and Ridoux 1992) than to myctophids, which are particularly 
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oily. Table 6.3 compares the biomass offish and squid consumed with differ- 
ent proportions of Ash and squid in the diet. Estimates of total food con- 
sumed also depend on the energy values applied to each item of the diet. In 
this study these are only crude estimates that, in the case of squid, are 

based on estimates of the energy density of related temperate squid species 
(Clarke ct al. 1985). Little is known about some of the species found in the 
diet of southern elephant seals, and we cannot be certain that the general 
classification into "muscular" or "gelatinous" forms is correct. Estimates of 
total consumption must also be interpreted with care because lavaging 
animals soon after they arrive on land probably only indicates diet in the 
immediate surroundings of the landing site or is biased by items, such as 
squid beaks, that persist in the stomach Ioniser than other food remains. 

One of the most significant potential threats lo the stability of the South 
Georgia elephant seal stock is competition lor food with commercial fisher- 
ies. This study is a synthesis of knowledge about the biology of southern 
elephant seals at South Georgia that provides an important, albeit impre- 
cise, insight into the potential interactions between the South Georgia 
southern elephant seal population and its food supply. The metabolic costs 
of maintenance for fully grown adult female southern elephant seals was 
0.39 MJ/kg^^, and for adult males it was 0.17 MJ/kg^^. Thr diffrrrnces be- 
tween the sexes is probably caused by differences in the foraging component 
of energy expenditure because the cost of locomotion increases in direct 
proportion to cross-sectional area. Large changes in mass are accompanied 
by relatively small changes in cross-sectional area, resulting in reduced 
costs of locomotion per unit mass. The total annual energy expenditure for 
the southern elephant seal population at South Georgia was 6.01 X 10^ 
MJ/year, and 59% of this was accounted for by males. Despite contributing 
nothing to the energy costs of raising young and having only a small chance 
of reproducing (Deutsch, Haley, and Le Boeuf 1990), males demand a great- 
er proportion of the total resources than females. They may also require 
richer foraging grounds because during potential periods of foraging, the 
rate of energy intake of males has to be almost twice that of females. These 
diflferences suggest that male survival, growth, and condition may be more 
responsive to changes in environmental conditions than that of females. 
However, the high production efficiency of southern elephant seals also sug- 
gests that they may be able to exploit h^ly dispersed prey resources. 

ACKNOWLEDGMENTS 

This chapter is the result of a collaborative research project between the 
British Antarctic Survey (Natural Environment Research Gotrndl) and the 
Sea Mammal Research Unit (NERC). We thank T. Bartoti, G. Chambers, 
fi. J. McConnell, A. Morton, and A. Taylor for assistance in the field. 



Copyrighted matsrial 



BIOMASS AND ENERGY CONSUMPTION 



115 



R£F£R£NC£S 

Anderson, S. S., and M. A. Fcdak. 1987. Gray seal, Ilalichoerus gtypus, energetics: 
Females invest more in male offspring. Journal of Zoology, London 211: 667-679. 

Ambom, T. A., N.J. Lunn, I. L. Boyd, and T. Barton. 1992. Ageing live Antarctic 
fiir seak and southern dqihant seab. Mannt Mammal Sdmu 8: 37-43. 

Baker, J. R., M. A. Fedak, S. S. Anderson, T. Ambom, and J. R. Baker. 1990. Use 
of tfletamine-zolazepam mixture to immobilise wild gray seals and southern 
elephant seals. Veterinary Record 126: 75-77. 

Boyd, I. L., and T. Ambom. 1991. Diving behaviour in relation to v^rater tempera- 
ture in the southern elephant seal: Foraging implications. Poior Biolagy 11: 259- 
266. 

Boyd, I. L., T. Arnbom, and M. A. Fedak. 1993. Water flux, body composition and 
metabolic rate during molt in female southern elephant seals {Mirounga leonina). 
rhjsiology Zoology 66: 43-60. 

Boyd, I. L., and G. D. Duck. 1991. Mass changes and metabolism in territorial male 
Antarctic fur seals {AntoaphalusgaztUa). Phjsiotogical Zaolagy 64: 375-392. 

Bryden, M. M. 1969a. ReUtive growth of the major body components of the south- 
em elephant seal, Mimttiga limmia (L.). Australian Jeumai ofZoologjf 17: 153-177. 

. 1969&. Growth of the southern dephant seal, Minmnga Uomna (Linn.). 

Growth 33: 69-82. 

. 1972. Body size and composition of elephant seals {Mirounga leonina) : Abso- 
lute measurements and estimates from bone dimensions, youma/ of Zoology, London 

167: 265-276. 

Gherel, Y., and V. Ridoux. 1992. Prey species and nutritive value of food fed during 

summer to king penguin, Aptenodjtes patagonica, chicks at Possession Island, 

Gnnet Archipelago. Ibis 134: 11&-I27. 
Glaike, A., M. R. Clarice, L. J. Holmes, and T. D. Waters. 1985. Calortfic valitts 

and elemental analysis of eleven species of oceanic squids (MoUusca: GefduJo- 

poda).7Minia/ of the Marine Biohgieal AssociaOan 65: 963-986. 
Gosta, D. P., B. J. Le Boeuf, A. C. Huntley, and C. L. Ortiz. 1986. The energetics 

of lactation in the northern elephant seal, Mvmmga angnsHrostris.JoiinialqfZoologjf, 

London 209: 21-33. 

Davis, R. VV., T. M. Williams, and G. L. Kooyman. 19B5. Swimming metabolism of 
yearling and adult harbor seals, Phoca vitulina. Physiological Zoology 58: 590- .")96. 

Deutsch, C. J., M. P. Haley, and B.J, Le Boeuf 1990. Reproductive elibrt of male 
northern elephant seals: Estimates from mass loss. Canadian JounuU 4^ Zoology 68: 
2580-2593. 

Fadely, B. S., G. A. J. Worthy, and D. P. Gosta. 1990. Assimilation efficiency of 
northern fur seab determined using dietary manganese. Journal of WtUUtfe Man- 

agementbA: 246-251. 

Fedak, M. \., S. S. Andenon» and J. Harwood. 1981 The energetics of the gray 
seal {Halichoerui grypus) in European waters: Energy flow and management im- 
plications. Final Report to the European Communities on Contract £NV 405-80- 

UK (B). 

Feldkamp, S. D. 1987. Swimmmg m the California sea lion: Morphometries, drag, 
and energetics. Jouma/ of Experimental Biology 131: 1 17-135. 



Copyrighted matBrial 



116 



POPULATION ECOLOGY 



GaUivan, G. J., and K. Ronald. 1981. Apparent specific dynamics action in the 
harp seal (Phoca groenlandica) . Comparative Biochemistry and Physiology 69A: 579-581. 

Hindell, M. A. 1991. Some life-history parameters of a declining population of 
southern elephant seals, Mirounga Uonina. Journal oj Animal Ecologj^ 60: 119- 

1 :u. 

Huidell, M. A., and H. Burton. 1987. Past and present status of the southern 
elephant seal {Mirounga Uonina) at Macquarie Island. Journal of Zoology, London 
213: 365-380. 

Humphreys, W. F. 1979. Production and respiration in animal populations. Jpufiui/ 
of Animal Etohg^ 48: 427-453. 

Keiver, K. M., K. Ronald, and F. W. H. Beamish. 1984. Metabolizable energy re- 
quirements for maintenance and faecal and urinan losses of juvenile harp seals 
{Phoca groenlandica) . Canadian Journal of Zoology (yl: 769-776. 

Lavigne, D M.. S. Innes, R. E. A. .Stewart, and G. A.J. VVortln . 1985. .\n annual 
energy budget for northwest Atlantic harp seals. In Marine Mammals and Fisheries 
ed. J. R. Beddington, R.J. H. Beverton, and D. M. Lavigne, 319—336. London: 
George Allen and L nwin. 

Lavigne, D. M., S. Innes, G. A.J. Worthy, K. M. Kovacs, O.J. Schmitz, and J. P. 
Hiclde. 1986. Metabolic rates of seals and whales. Camdian Journal of laelogy 64: 
279-284. 

Lavigne, D. M., and R. E. A. Stewart. 1979. Energy content of harp seal placentas. 

Journal nf Mammalogy 60: 8.54—856. 
La%V8, R. M. 1953. The elephant seal (Mirounga leonina Linn.). I. Growth and age. 

Falkland Islands Dependencies Survey, Scientific Reports 8: 1-62. 
. 1956. The elephant seal (Mirounga leonina Linn.). I. General, social and re- 
productive behavior. Falkland Islands Dependencies Survey, Scientijic Reports 13: 1-88. 
. 1960. The elephant seal {Mmnmga lamina Linn.) at South Georgia. Nmk 

Hvalfangst-Tukadi 49: 466-476, 520-542. 
. 1977. Scab and whales of the Southern Ocean. PhilosophiaU Transactimu qf 

tki Rvjfd Societjf of London, Series B, 279: 81-96. 
Ling, J. K., and M. M. Br\'den. 1981. Southern elephant seal, Mirounga Uemna 

Linnaeus, 1758. In Handbook of Marine Mammals. 2. Siols, ed. S. H. Ridgway and 

R.J. Harrison, 297-327. London: .\cademic Press. 
McCann, T. S. 1980. Population structure and social organization of southern 

elephant seals, Mirounga Uonina (L.). Biological Journal of the Linnaean Society 14: 

133- 15U. 

. 1981. Aggression and sexual activity of male southern elephant seals, 

Miratmga Uemna. Journal of Zoology, London 195: 295-310. 

. 1985. Size, status and demography of southern elephant seal (Mirounga 

Uonina) populations. In Sea Mammals in Sintth Latitudes: Proceedings of a Sympo- 
sium of the 52d ANZAAS Congress in Sydney — May 1982^ ed. J. K. Ling and M. M. 
Bryden, 1-17. Northfield: South .Australian Museum. 

McCann, T. S., M. A. Fedak, and J. Harwood. 1989. Parental investment in south- 
ern elephant seals, Mirounga leonina. Behavioral Ecology and Sociohiology 25: 81—87. 

McCann, T. S., and P. Rothery. 1988. Population size and status of the southern 
elephant seal {Mirounga Uonina) at South Georgia, 1951-1985. Polar Biobgy 8: 
305-309. 



Copyrighted material 



BIOMASS AND ENERGY CONSUMPTION 



117 



Reilly,J.J., and M. A. Fedak. 1990. Measurement of the body composition of living 
gray seals by hydrogen isotope dilution, youma/ of Applied Physiology 69: 885-891. 

Rodhouse. P. G., T. A. Arnbom. M. A. Fedak, J. Yeatman. and A. W. A. Murray. 
1992. Cephalopod pn y of the southern elephant seal Mirounga Uonina L. Canadian 
Journal of Zuology' 70: 1 (J07- 1 0 1 5. 

Sakamoto, W., Y. Naito, A. C. liuiuky, and B.J. Lc Boeuf. 1989. Daily gross ener- 
gy requirements of iemale northern elephant seal, Mirounga angustirostris, at sea. 
Nippon Sittsm Gdskaishi 55: 2057-2063. 

Skinner, J. D., and R. J. van Aarde. 1983. Observations on the trend of the popula- 
tion of southern elephant seals, Minm^a Uomna, at Marion Island, yawaa/ of Ap- 
plied Ecology QO: 707-712. 

Stirling, I., and E. H. McEwan 1975. The caloric value of whole ringed seals (Pho- 
ca kispida) in rclution to polar bear (Ursus maritimus) eoology and hunting be- 
havior. Canadian Journal of Zoology 53: 1021—1027. 

van Aarde, R. J. 1980. Fluctuations in the population of southern elephant seals, 
Mirounga leonina, at Kcrguelen Island. South African Journal of Zoolo^v 15: 99-106. 

Williams, T. M. 1987. Approaches to the study of exercise physiology and hydrody- 
namics m marine mammals. In Approaches to Marine Mammal Energetics, ed. A. C. 
Hundey, D. P. Costa, G. A. J. Worthy, and M. A. CasteUini, 127-146. Special 
Publication no. 1. Lawrence, Kan.: Society for Marine Mammalogy. 

Williams, T. M., and G. L. Kooyman. 1985. Swimming performance and hydrody- 
namic characteristics of harbor seals, Phoca oUuUna. liystohgical Zoology 58: 576- 
589. 

Williams, T. M., G, L. Kooyman, and D. A. Croll. 1990. The effect of submergence 
on heart rate and oxygen consumption of swimming seals and sea lions. Jonniai of 

Comparative Physiology 160B: 637-644. 
Worthy, 0. A. J., and D. M. Lavignc. 1993. Changes in the energ> stores during 
postnatal development of the harp seal, Phoca groenlandica. Journal of Mammalogy 
64: 89-96. 

Worthy, G. A. J., P. A. Morris, D. P. Costa, and B. J. Le Bocuf. 1992. Molt ener- 
getics of the northern elephant seal. Journal of Zoology , London 227: 257-265. 



Co(.y a ,;od material 



PART II 



Behavior and Life History 



SEVEN 



Juvenile Survivorship of Northern 

Elephant Seals 

Bumey J. Le Boeuf, Patricia Morris, and Joanne Reiter 



ABSTRACT. The aim <tf this study was to determine the juvenile survivonhip rate of 
northern elephant seals, MUmmga mgustimiris, throughout the first four years of life 
and to assess the role of year, cohort, and condidon at weaning on survival. 

The study was conducted at Ano Nuevo, California, during the years 1971-1978, 
a time when colony size was increasing. Pup mortality on the rookery priw to wean- 
ing was estimated from daily censuses during the breeding season. Juvenile survi- 
vorship was determined from resights of 8,362 individuals tagged on the rookery* at 
weaning (about M) days of" age): systematic searches were conducted on the natal 
rooker>' as well as on neighljoring rookeries. The ellect of mass and length at wean- 
ing on juvenile survivorship to 1 and 2 years of age was determined from 734 
weaned pups weighed and measured during the years 1978 and 1984-1988. 

Mean percentage survival to age 1 was 36.8 ± 8.5; to age 2, 26.3 ± 6.3; to age 3, 
19.4 ±5.1; and to age 4, 16.3 ± 5.2. Most of the first-year m<Nrtality occurred at sea; 
<Mi average, 31.5 ± 12.4% of the first-year mortality was due to neonate death on the 
rookery. Jnvenik survivorship rates were lowest in El Nino years (1978, 1983, and 
1986). As colony size increased fivefold over the stud> period, sur\'ivorship to age 1 
did not change significantly, but survivorship to age 4 decreased significantly. No 
significant relationship was found between weanling mass and survival to 1 and 2 
years of age. Survivorship ff) 1 year of age was positively correlated with standard 
length, but this relationslnp did not hold tor survivorship to age 2. 

The juvenile survivorship rate of seals from the Ano Nuevo colony is too low to 
support the observed growth rate o£ the colony and of the i)opulation as a whole. 
Other California rookeries, such as San Miguel Island, must have significantly 
higher juvenile survivorship rates to account for the recent population increase. 
The causes of high juvenile mortality at sea are unknown; they do not appear to be 
rdatod to condition at weaning, as reflected by weaning weight. 
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Survivorship and fertility schedules shape life history tactics (Steams 1976, 
1980) and provide vital demographic data for estimating population growth 
(Wilson and Bossert 1971). This chapter addresses juvenile survivorship in 
northern elephant seals, the percentage of individuals bom that survive 
to each of the first four years of life. Our aim is to describe age-specific sur- 
vival rates and age-specific mortality rates of seals bom at Ano Nuevo, Gah- 
fomia, over the last two decades when colony size was increasing and to 
examine the role of year, cohort, and condition at weaning-^as reflected by 
weight, length, or an index of the two measures — on survivaL Because juve- 
nile survivorship is an important determinant of the growth or decline of a 
population, data presented here may elucidate the rapid growth of the 
northern elephant seal population over the last few decades as well as pro- 
vide an instructive comparison with southern elephant seals, whose num- 
bers are declining at several rookeries (Hindell, Slip, and Burton, this 
volume). 

This chapter summarizes and augments data on juvenile survivorship 
of Aiio Nuevo-born seals presented in J. Rciter, N. L. Stinson, and B. J. 
Le Boeuf (1978), J. Reiter (1984), B.J. Lc Bocuf andj. Reiter (1988), and 
B.J. Le Boeuf andJ. Reiter (1991). 

BACKGROUND 

Ano Nuevo is a peripheral colony in the northern elephant seal range. Since 
breeding began here in 1961 (Radford, Orr, and Hubbs 1965), it has re- 
ceived immigrants from larger southern rookeries in southern California, 
San Miguel and San Nicolas islands. Throughout this period, the entire 
population has grown steadily (Stewart et al., this volume). Births at the 
Ano Nuevo colony have increased at the rate of 14% per year, and annual 
pup production is now on the order of 2,000 pups. The growth, however, is 
due mainly to immigration from southern rookeries, for internal recruit- 
ment is too low for the colony to sustain itself (Le Boeuf and Reiter 1988). 

Most females give birth for the first time at age 4 (range 3-6 years of 
age) and then give birth annually until death. Single pups are produced, 
nursed 25 to 28 days, and weaned abruptly when the mother returns to sea. 
The weaned pup fasts for 2V^ months on the rookery while learning to 
swim and dive before going off on its first foraging trip (Reiter, Stinson, and 
Le Boeuf 1978). 

Juveniles make two foraging trips per year, each lasting about five 
months (see fig, 13.1 in chap. 13). As a result, they appear on the rookery 
twice a year, in the spring and in the &11, each haul-out lasting about one 
month. At this time, they are identified and survival is estimated. The pat- 
tern changes when females begin giving birth. Consequently, sex differences 



Copyrighted matsrial 



JUVENILE SURVIVORSHIP 



in survival begin to appear in year 3, partially a result of a sex difference in 
time spent at sea. 

METHODS 

Pups born in the years 1971 to 1988 at Ano Nuevo, California, were tagged 
shortly after weaning with one or two cattle ear tags in the interdigital web- 
bing of the hind flippers (Le Boeuf and Peterson 1969). The number of 
seals tagged per year varied from 100 to 900. Survivors were identified 
when their tags were read at approximately weekly intervals on the island 
and the mainland resting and molting sites at Ano Nuevo. Seals dispersing 
to other rookeries were identified and reported to us by H. Hubcr and W. 
Sydeman for Southeast Farallon Island, S. Allen for Point Reyes Head- 
lands, and B. Stewart and R. DeLong for San Miguel and San Nicolas is- 
lands. Seals that stranded along the central California coast were reported 
to us by researchers at the California Marine Mammal Center. 

From resights of tagged seals, we calculated life tables to age 4. The 
criterion for survival to age 1 was rcsighting the seal after the first trip to 
sea, when it was 9 to 10 months old in the fall or 15 to 17 months old in the 
spring. Survival to age 2, 3, and 4 was recorded similarly. In our experi- 
ence, only slightly more juveniles are observed in the spring than in the pre- 
ceding fall haul-out. 

The survivorship data for each cohort and age class were adjusted to 
account for unrecognizable survivors that lost their tag identification. The 
proportion of animals that lost their tags varied from year to year because 
cohorts varied with respect to the proportion of single- and double-tagged 
individuals. Nearly all seals in the cohorts during the interval 1985—1988 
were double ts^ged. For single-tagged seals, we assumed a tag loss rate of 
11% per annum for the first two years of life and 6% per annum thereafter. 
The tag loss rate of double-tagged seals was assumed to be the rate of single 
tag loss squared, or 1.21% per annum for the first two years and 0.36% per 
annum thereafter. Tag loss estimates were based on the loss rate of single 
tags determined from double-tagged individuals (Rcitcr 1984) 

The influence of weight, Icni^ih. and a condition index on the probability 
oi fnsi-year survival was investigated. During 1978 and the years 1984- 
1988, 734 weaned pups were weighed and measured within a month of 
weaning. Weaning mass was esUinaied by back calculation based on known 
rates of mass lost per day (see equation in Appendix 10.1 of Deutsch ct al., 
this volume). All pups that weighed less than 50 kg were excluded from 
the analysis. These were orphaned pups that did not suckle normally; most 
of them died on the rookery or stranded nearby shortly after going to sea. 
Standard length was measured in a straight line from tip of nose to tip of 
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TABLE 7. 1 Partial life table for the northern elephant seal, M. angustirostriSy 
constructed from resightings of 8,362 individuals tai^ged at weaning at Ano 
Nuevo, California, during the years 1971-1988. This table includes a 

correction for tag loss (sec text). 



Age 

interval 


Number dying 
during age 
interval 


Number sur- 
viving at 
heginning of 
age interval 


Number sur- 

viving CIS a 
fraction of 
newborn (IxJ 


MortaUfy rate as 
fraction of num- 
ber surviving at 
beginning of 
age interval (m^) 


0-1 


5,281 


8,362 


1.000 


0.632 


1-2 


907 


3,081 


0.368 


0.294 


2-3 


551 


2,174 


0.263 


0.253 


3-4 


260 


1,623 


0.194 


0.160 


4-5 




1,363 


0.163 





tail above the dorsal surface. A condition index, ostensibly reflecting a 
pup's stored energy reserves, was calculated as mass divided by length. 

RESULTS 

A ge- specific Su nnva I 

Of the pups born during ihc years 1971-1988, ihc mean percentage that 
survived to age 1 was 36.8 ±8.5; to age 2, 26.3 ± 6.3: lo age 3. 19.4 ±5.1; 
and to age 4. 16.3 ±5.2. These data are presenud as partial lilc tal)ks in 
table 7.1 and figure 7.1. Age-specific sur\i\al varied widely over liie years, 
with the following range of values being observed: 19.9-48.7% to age 
1; 11.1-37.4% to age 2; 7.1-28.9% to age 3; and 5.0-26.5% to age 4. Sur- 
vival rates were highest for the year 1971 and lowest for the year 1983 
(fig. 7.2). 

Age-specific Mortality 
Age-specific mortality for the entire sample was h^hest during the first year 
of life, 63.2%, and then droppe d steadily until reaching a low of 16% be- 
tween 3 and 4 years of age (table 7.1, fig. 7. 1 ). 

Mortality on the Rookery and at Sea during the First Year 
Over the study period, a mean of 31.5 ± 12.4% of the first-year mortality 
was due to neonate death on the rookery; the majority of the first-year mor- 
tality occurred at sea. The proportion of first-year mortality occurring on 
the rookery reached a high of 61% of pups bom in 1983 due to the rookery 
being inundated by storm-whipped high surf at high tide during the peak 
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Fig. 7.1. SurvivcHTship (l^) and mortality (mx) curves for the northern dei^umt seal 
at Ano Nuevo, California, during the years 1971-1988. Baaed on data in table 7.1. 
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Fig. 7.2. Survivorship (Ix) cur\'es for northern elephant seals from Ano Nuevo, 
California, during the best (1971) and worst (1983) years in the study period, 1971— 
1988, and for all years combined. 
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pupping period (see also Le Boeuf and Gondit 1983; Le Boeuf and Reiter 
1991). 

Survival Rates of lVea$Unigs 
For all years combined, the mean survival rate of weanlings over the 

periods at sea was 46.0 ±7.7% (range = 35.0%-61.1%) to age I; 32.8 ± 
5.9% (range = 21.6-44.5%) to age 2; 24.2 ± 5.5% (range = 13.8-33.8%) 
to 3; and 20.3 ± 5.8% (range » 9.8-30.9%) to age 4. 

The Effect of Year and Associated Conditions 
The role of a specific year and assodated conditions, such as weather and 
prey availability, is reflected by the annual survival rates of 1-, 2-, 3- and 
4-year-olds in that year. For example, in 1981, survival to age 1 was 
42.5 ± 4%; the survival rate of the 1980 cohort from age 1 to 2 during 1981 
was 91.9%; the 1979 cohort survival from age 2 to 3 in 1981 was 96.0%; 
and the 1978 cohort survival from age 3 to 4 in 1981 was 97,5%, giving 
1981 a mean score of 82.0%. 

Calculated in this way, the mean score of all cohorts was 79.1 ± 3.6%. 
There were three years with mean scores one standard deviation or more 
above the mean, an indication that they were exceptionallv G:ood years: 
1974 (84.6%), 1985 (83.3%), and 1980 (82.6% ). There were three poor 
years: 1983 (72.7%), 1986 (74.0%), and 1978 (76.0%). AU three poor years 
are categorized as El Nino years by oceanographers. 

(Cohort Variation 

As the size of the .-Xno Nucvo colony increased more than fivefold from 1971 
to 1988 (an increase similar to that of the entire population; see Stewart et 
al., this volume), one might expect lower survivorship values in the later 
years due to increased competition for resources either on the rookery or on 
the foraging grounds. Pup mortality on the island prior to weaning in- 
creased from a low of 14.5% of pups born in 1971 to a high of 70% of pups 
bom in 1963; preweaning pup mortality is density dependent, and there is a 
significant interaction with weather (Le Boeuf and Briggs 1977; Le Boeuf 
and Reiter 1991). There was no tendency for survivorship to age 1 to de- 
crease with time and increasing density (fig. 7.3a); however, survivorship 
to age 4 decreased with time (the regression of y on x = 90.1 — 0.94x; 
r=0.81). 

An indication of the relative long-term strength of a cohort is the percen- 
tage decrease in the juvenile survival rate from year 1 to year 4. The per- 
cent decrease in survivorship firom age 1 to age 4 increased over the study 
period (fig. 7.3b); that is, the mortality rate over the juvenile years in- 
creased with time. 

The mean percentage decrease in survivorship from age 1 to 4 (fig. 7.3b) 
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Fig. 7.3. (A) Survivorship to age 1 (open circles) and to age 4 (closed circles) as a 
fiinction of cohort year. The regression equation for the latter is y = 90, 1 - 0.94x; 
r s SI. (B) The percent decrease in survtvorsiiip from age 1 to age 4 as a functicni of 
cohort year. The regression equation is y » — 1 1 1 -I- 2.1x; r * .69. 
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for all 18 cohorts was — 55.2± 14.1%. The three strongest cohorts, those 
with the lowest percentage decline over the three-year period, were 1978 
(-26.2±3%), 1973 (-31.3%), and 1972 (-32.3%). The three weakest 
cohorts were 1983 (-74.4%), 1985 (-74.4%), and 1988 (-66.9%). 

The Effect of Weaning Mass. Size, and Condition on Age-specific Sun ival 
Although the weight of weanlings varied greatly, with animals in the high- 
est we^ht category being almost twice as large as those in the lowest weight 
category (fig. 7.4a), there was no significant relationship between mass at 
weaning and survival to 1 year of age (chi-squarc = 8. 1 7, df = 8, p > .05) or 
to 2 years of age (chi-square = 6.83, df=8, p>.05) (fig. 7.4b). Seals with 
the most common weights at weaning, in the range of 120 to 150 kg, had 
the lowest sur\'ivorship to year 1, 34.8 to 41.7%). However, these rates did 
not difier significantly from that of other weight categories. The extreme 
low and high weight categories incurred the greatest decline in survivorship 
from year 1 to year 2, but these differences, too, were not significantly differ- 
ent from the decUnes in other weight categories (chi-square = 8.53, df = 8, 
p>.05). 

Survivorship to 1 year of ae;e varied significantly as a function of stan- 
dard Irnglh at wcanint; (chi-squarc = 12.9. df = 8, p<.05) — weanlings 
with the smallest standard lengths had the lowest survivorship — but this 
effect did not hold for survival to age 2 (fig. 7.5). Survivorship did not vary 
significantly with condition index. 

Reasoning that high weight or great size might be advantageous in a 
poor year, wc examined separately the year 1986, the only year in the 
weighed weanling sample that ph\sit:al ocean(jgraphers categorize as an El 
Nino year. During El Niiio years, foraging may be more ditFicull because of 
lower prey availability (Arntz, Pearcy, and I rillmich 1991). Using the 
same weight and length classes shown in figures 7.4 and 7.5, survivorship of 
the 1986 cohort did not vary significantly with any measure of condition. 

DISCUSSION 

Nmthem dephant seals exhibit the most common survivorship curve in na- 
ture, Type III, which is characterized by a steep decline in survivorship at 
an early age (Wilson and Bossert 1971). Those that survive the juvenile 
period have a good chance of reaching maturity. The majority of young 
northern elephant seals that were born at Ano Nucvo during this study 
(nearly two-thirds of them, on average) did not survive to 1 year of age, and 
only 20%, on average, lived to age 4. Most of the juvenile mortality to age 
1 occurs at sea, and all mortality to age 2, 3, and 4 occurs at sea. White 
sharks, Carcharodon carchanaSf and killer whales, Orcimts orca, are known pred- 
ators on northern elephant seals (Ainley et al. 1981; Le Boeuf, Riedman, 
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Fig. 7.4. (A) Frequency distribution of 734 northern elephant seal pups by weight 
class at weaning. (B) Survivorship of northern elephant seal juveniles to age 1 (open 
bars) and to age 2 (closed bars) as a function of their weight class at weaning. The 
sample is taken from Aiio Nuevo, California, during the years 1978 and 1984-1988. 
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Fig. 7.5. (A) Frequency distribution of 734 northern elephant seal pups by standard 
length class at weaning. (B) Survivorship of juveniles to age 1 (open bars) and to 
age 2 (closed bars) as a function of standard length at weaning. 
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and Keyes 1982; M. Pierson, pers. comm.), but the degree to which they 
account for the observed mortality rates is not dear. 

In any case, the high juvenile mortality rate at Ano Nuevo does not 
appear to be due to condition at weaning, insofar as condition is reflected 
by mass at iveaning. Weaning weight (above 80 kg) was not correlated with 
survival to age 1 or to age 2. The fattest were not the fittest (see Sinervo et 
ai. 1992). This is surprising given the large body of information on the 
importance of parental investment in enhancing individual reproductive 
success through the production of progeny (e.g., Clutton-Brock 1991). It 
remains to be determined whether mass at weaning is correlated with re- 
productive success. 

Like other northern and southern elephant seal colonies (Huber, Beck- 
ham, and Nisbet 1991; Hindell 1990), cohort variation in juvenile survi- 
vorship at Ano Nuevo was great, especially to age 1 . Much of this variabil- 
ity was due to the effect of storms that occurred during the peak pupping 
period and caused high pup mortality on the rookery. A decrease in survi- 
vorship from age I to age 4 was evident over the course of the study period. 
This may have been due to increasing competition as the population grew 
or to interactions with fisheries, for example, high seas drift net fisheries in 
foraging areas. The cause of this decline may become dear as we begin to 
accumulate knowledge of the migratory paths and foraging areas of juve- 
niles (Le Boeuf, this volume). 

The juvenile mortality rate of Ano Nuevo-born elephant seals is high rel- 
ative to other well-studied large mammals such as Dall mountain sheep, 
Ovis dalli (Decvcy 1947), and red deer, Cmms elephus (Clutton-Brock, Albon, 
and Guinness 1988), but strikingly similar to the low rates of male, relative 
to female, African lions, Panther Uo^ from the Sercngeti population (Packer 
et al. 1988) and male vervet monkeys, CercopiUucus aethiops (Cheney et al. 
1988). 

Juvmile survivorship of northern elephant seals from the Ano Nuevo col- 
oay is significantly lower than that of southern dephant seals from South 
Georgia, a large colony that was stable in numbers during the period 1951- 
1985 (Laws, this volume). T. S. McCann (1985) revised the life tables of 
R. M. Laws (1960) and estimated survivorship to age 1 as 60%, to age 2 as 
51%, to age 3 as 43.5%, and to age 4 as 37.2% (wc combinrd the sexes in 
his life tables for comparability). In comparison with this Southern Hemis- 
phere rookery, ju\ eniic survivorship at Ano Nuevo was 42% lower to age 1 
and 52% lower to age 4. Estimates of juvenile sur\'ivorship at Marion Is- 
land are similar to those at South Georgia, despite declines in number at 
the rate of 4.5%) per year during the period 1974-1989 (Bestcr and Wilkin- 
son, this volume). 

Juvenile survivorship rates from Ano Nuevo more closely resemble those 
of the declining southern elephant seal colony at Macquarie island, studied 
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by R. Carrick and S. E. Ingham (1962) and M. A. Hindcll (1990). Hindell 
(1991, this volume) estimated first-year survival at Macquaric Island dur- 
ing the 1950s as 44% (both sexes combined); however, from 1960 to 1965, 
first-year survival declined dramatically to 2%. Life table estimates of sur- 
vival to each of the first four years of life (l^), based on the entire study 
period, arc 0.350, 0.298, 0.232, and 0.178, respectively. These values are 
similar to those reported in table 7.1 for Ano Nuevo: 0.368, 0.263, 0.194, 
and 0.163. 

These results are paradoxical, or at least do not appear to have a unitary 
explanation. Despite equally high juvenile sun-ivorahip rates, the Ano 
Nuevo colony b increasing in number and the Macquarie Island colony is 
declining in number. Why is Marion Island declinint^ in number despite a 
high juvenile survivorship rate? This state of affairs is not easily explained 
given current information. However, the following information is important 
for sorting out these incongruencies. 

1. Ano Nuevo may not be the ideal representative of an expanding col- 
ony for comparison with stable or declining colonies. The increase in 
the Ano Nuevo colony, and other colonies like the Farallons at the 
northern boundary of the species* breeding range, is due mainly to 
dispersion and immigration from laige rookeries in southern Califor- 
nia, especially San Miguel Island; internal recruitment, alone, would 
lead to a decline in colony numbers (Le Boeuf and Reiter 1988; Hu- 
ber, Beckham, and Nisbet 1991). San Miguel Island accounts for 
most of the growth of the entire northern elephant seal population 
(Stewart et al., this volume) and hence may best represent an expand- 
ing population. Presumably, juvenile survival rates at San Miguel Is- 
land are higher than those at Ano Nuevo and perhaps even h^her 
than those at South Georgia. Unfortunately, there are no data on 
juvenile survi\ orship for this rookery. 

2. Considerable mixing occurs between colonies in the Northern Hemi- 
sphere. Consequently, the factors that make for growth of northern 
elephant seal colonies are more difficult to assess than those of south- 
ern elephant seal colonics, where immigration is rare or nonexistent 
(Burton 1985; Bester 1989; Gales, Adams, and Burton 1989; Hindell 
1990) and growth depends ultimately on internal reciruitment. For ex- 
ample, during the period 1969-1976, there was considerable disper- 
sion of northern elephant seals among the seven extant rookeries 
(BonncU ct al. 1979). Movement was primarily in the northward 
direction and most prevalent duriiiu; the first year of life. The majority 
of tlu- movements represented permanent immigration. Southern 
California rookeries received immigrants from Mexican rookeries and 
sent out immigrants to northern California rookeries. There was 
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bidirectional exchange between rookorics separated by short dis- 
tances, such as San Miguel and San Nicolas islands in southern Cali- 
fornia and Ano Nuevo and the Farallons in central California. 

3. Differences in adult female mortality might partially explain the differ- 
ent population trajectories of the expanding northern elephant seal 
population as compared to stable or declining colonies in the South- 
em Hemisphere. Adult female mortality is apparently lower at north- 
ern elephant seal rookeries such as Ano Nuevo and the Farallons (Lc 
Boeuf and Reiter 1988; Huber et al. 1991) than at the southern 
elephant seal rookery at Marion Island, where it is concluded that the 
colony decline is due mainly to high adult female mortality (Bester 
and Wilkinson, this volume). NataUty of adult females does not 
appear to account for differences in growth of colonies since these 
rates are uniformly high at colonies in both hemispheres; that is, 
natality exceeds 85% of adult females (McCann 1985; Lc Boeuf and 
Reiter 1988; Huber et al. 1991; Bester and Wilkinson, this volume). 
Longevitv of females seems to be substantially greater at Ano Nuevo 
than at Macquarie, but the data are from different eras and are not a 
fair comparison. 

4. Differences in methodology may cause substantial variation in esti- 
mates of juvenile survivorship rates. For example, survivorship rates 
at Macquarie Island were determined by monitoring animals 
branded at weaning, while those at Ano Nuevo and Marion Island 

were based on recovery of animals marked with cattle ear tags. 
BrandinjT yields a permanent mark; tasjs are impermanent, and some 
of them arc lost. \\ hen tags arc used, the estimate of juvenile survi- 
vorship is affected by the estimate of lag loss. Additionally, tags are 
harder to sec and read than brand marks. Consequently, lag loss is 
usually greater than estimated, leading to an underestimate of survi- 
vorship. That is. the survivorship rates based on tag resight data we 
have presented for the Ano Nuevo colony are probably minimum esti- 
mates. 

The pup mortality rate on the rookery before weaning, when the animals 
are mark^, is another variable that a&cts estimates of juvenile survi- 
vorship. Deaths on the rookery are a component of the initial sample size. 
Neonate deaths on small rookeries like Ano Nuevo can be counted directiy 
or calculated with reasonable confidence from censuses of suckling and 
weaned pups. The mean preweaning pup mortality rate at Ano Nuevo dur- 
ing the present study was 24.4 ± 10.7% of pups bom. On large rookeries 
such as Macquarie Island, the preweanii^ pup mortality rate is assumed to 
be the rate observed in selected harems amenable to censusing. This rate 
was assumed to be 4.5% of pups bom for South Georgia (McCann 1985) 
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and 5% of pups born for Macquarie Island (Hindell and Burton 1987). To 
what extent these different methodologies explain the wide disparity in pre- 
weaning pup mortality rates is not clear. A similar statement could be 
made about search effort, which, necessarily, varies with the size, terrain, 
and location of rookeries. 

In summary, one can obtain reasonably accurate estimates of juvenile 
survivorship from small, expanding; northern elephant seal colonies, such as 
Ano Nuevo, but the extent to which they elucidate the role of juvenile survi* 
vorriiip in dedining colonies is unclear. Indeed, Aiio Nuevo would be de- 
clining at a similar ratr as Macquarie Island were it not for the influx of 
animals from San Miguel Island. It may be more important to document 
juvenile survivorship at San Miguel Island because its growth rate drives 
the growth of the population. But the task is made difficult by the sheer size 
of the colony and the need to estimate immigration and emigration rates. 

Indeed, the most appropriate comparison, if not the easiest, is to com- 
pare the entire northern elephant seal population with that of either of the 
three main southern elephant seal populations defined by Laws (1960) as 
the South Georgia stock, the Kerguclen stock, and the Macquarie Island 
stock (see fig. 3.1, chap. 3). Like the northern elephant seal population, each 
southern stock is gcoG^raphirally isolated; animal movements between stocks 
are rare, and gene flow is limited (Gales, Adams, and Burton 1989). Ani- 
mal movements within each population have an important effect on juvenile 
survivorship and female reproductive success and, ultimately, on popula- 
tion regulation. 
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Life History Strategies of Female 
Northern Elephant Seals 

William J. Sydeman and Aadav Nur 



ABSTRACT. Wc rcvicw the literature on variation in life history traits, evaluate 
evidence on the cost of reproduction, and investigate the significance and extent of 
individual difierenoes in reproductive success for female northern elephant seals 
m Califbnua. Studies have demonstrated considerable variation in age (tf primiparity 

and natality rates and the consequences of this variation for individual fitness. Age 
at first breeding varies firom 3 to 6, with a mode at age 4, and is influenced by 
socioecological factors. Natality is related to ecological factors and other life history 
traits. Studies generally support the concept of the cost of n production for female 
northern elephant seals. Costs of reproduction wort- expressed as a reduction in sur- 
vivorship associated with age at first breeding and decreased future fecundity 
associated with either age at first breeding or natality; ultimate consequences for 
fitness have yet to be addressed. Future fecundity was negatively influenced by the 
number of prior reproductive bouts (an estimate of breeding intensity) fw females 
that had attempted reproduction often for their ages. Individual variation in repro- 
ductive success was apparent Some individual females had a history of being more 
successful than others at weaning their pups. The interactions amrnig female quality 
and causes and consequences of variation for life history traits are considered. Addi- 
tional study on natality in relation to fitness will serve to illuminate life history 
strat^es that likely vary with individual quahty. 

Life history theory assumes that organisms cannot maximize survival and 
fecundity at the same time, because of constraints that may be physiological 
or ecological. As a result, higher reproductive eflbrt will entail a omt In 
terms of subsequent survival or future reproductive success or both (Wil- 
liams 1966; Steams 1976; Schaficr and Rosenzweig 1977). The concept of a 
cost of reproduction has led to many studies on the apparent trade-off be- 
tween current reproductive effort and the probability of future reproductive 
success (see reviews in Glutton-Brock 1988 and Nur 1990). Studies of 
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marine mammal life history traits in relation to the cost of reproduction are 
few because marking and tracking individuals through time is difficult. 
However, the northern elephant seal, Mimanga angusHmtriSy provides an ex- 
cellent opportunity to examine life histors' parameters for pinnipeds because 
it is possible to track and monitor individuals throughout most of their re- 
productive lifetimes and to estimate fecundity and survivorship. 

Our objectives here arc (1) to review the literature on variation in repro- 
ductive traits that affect fitness for female northern elephant seals, (2) to 
evaluate evidence for a cost of reproduction, and (3) to examine variation 
in the pattern of successes and failures for individual females to determine the 
significance of factors acting between years within the same individual. The 
latter analysis is new and based on a long-term study conducted on the 
Farallon Islands, California; methods and results of this analysis will be de- 
tailed later. \Vc focus our review on the adaptiv e significance of two life his- 
tory traits: age at hrst breeding and natality rates. Natality is measured by 
the proportion of animals giving birth each year and varies with the fre- 
quency of intermittent reproduction or "skipping" by individual females. 
We evaluate life history traits, where possible, in regard to a cost of repro- 
duction, expressed as either a rcdiiction in sur\i\orship or future fecundity; 
only three papers directly address the issue of a cost of reproduction in 
female northern elephant seals (Huber 1987; Rciter and Le Boeuf 1991; 
Sydeman et al. 1991). In re\ icwing the literature and the cost of reproduc- 
tion, wc reanalyze and reinterpret these original papers. 

Life history traits and demographic parameters for northern elephant 
seals have been studied in detail on the Farallon Islands (SS^N, 123°W) and 
Aiio Nuevo State Reserve (37*'N, 121'*W) in central California. Both of 
these colonics, located 90 km apart, are at the northern extreme of this spe- 
cies' distribution (see Stewart et al., this volume, for a range map). The 
Farallon Islands (Southeast Farallon Island, or SEFI) support 9 breeding 
groups or harems. At Aiio Nuevo (AN), there are about 15 harems on the 
island and the adjacent mainland. Colony numbers at the Farallones in- 
creased through 1983, before reaching a plateau (Huber 1987). The colony 
numbers continue to increase at AN (Stewart et al., this volume). Field 
methods wore similar at each site and are detailed ebewhere. In our re- 
view, we consider both cross-sectional (Reiter, Panken, and Le Boeuf 1981; 
Huber et al. 1991; Sydeman et al. 1991) and longitudinal (Huber 1987; 
Le Boeuf and Reiter 1988, Le Boeuf, Gondit, and Reiter 1989; Reiter and 
Le Boeuf 1991) studies from both the Farallon Islands and Ano Nuevo. 

AGE AT FIRST BREEDING 

There is consideraUe variation in age at first breeding for female northern 
elephant seals. Modal age at primiparity was 4 years on SEFI (62.6% of 
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275 females; Sydeman et al. 1991) and AN (54% of 67 females; Le Boeuf 
and Reiter 1988). Age of primiparlty varied from 3 to 8 for SEFI females 
and from 2 to 6 at AN. At AN, B.J. Lc Boeuf and J. Reiter (1988) reported 
that 36% of the females first gave birth at 3 years of age, while at SEFI 
only 13% of first-time breeders were 3 years old (Sydeman et al. 1991). 
These values likely differ because Le Boeuf and Reiter studie d the 1973 and 
1974 cohorts from AN I, whereas Sydeman ct al. reported data on females 
bora from 1974 through 1985. Over the past two decades, each cohort has 
experienced differing social and ecological conditions that influence imma- 
ture survival and recruitment probabilities (Huber et al. 1991; Le Boeuf, 
Morris, and Reiter, this volume). Colony size and competition for breeding 
space have changed dramatically during this period. H. R. Huber ct al. 
(199L) showed that when $£FI colony growth slowed in the late 1970s and 
early 1980s, the proportion of 3-year-olds giving birth also decreased. 
However, Huber et al. also indicated that age at first breeding was delayed 
for cohorts afiected by die 1982-1983 El Nino Southern Oscillation (ENSO). 
Thus, it is presently unclear whether changes in oilony size or the ENSO 
explains changes in age at primiparity. Nevertheless, in comparison to the 
data set of Le Boeuf and Reiter, the SEFI data set analyzed by Sydeman et 
al. (1991) included many cohorts that were potentially influenced by 
the 1982-1983 ENSO and increased colony size. Consequently, average and 
modal age at primiparity for females first breeding in the 1980s was later 
than for females in the 1970s. 

INTERMITTENT BREEDING AND NATALITY 

\Vc define intermittent breeding, or "skipping," as forgoing pupping in any 
year during an animal's breeding lifetime, for example, after a female has 
become parturient but before she dies or ceases to reproduce altogether due 
to senescence. It is possible thai a "skip" could be confused with an animal 
giving birih at another colony, or giving birth and losing the pup bctore 
being observed. Although skipping may be easily confused with poor cover- 
age, we believe that the intensive research programs on northern elephant 
seals make this scenario unlikely. At present, all seal rookeries in central 
and southern California are under study. At AN and SEFI, weather permit- 
ting, individual subcolonies are visited daily by researchers, tagged cows 
are recorded, and animals are temporarily marked with hair dye to facili- 
tate individual identification. At Point Reyes, onlv 25 km from SEFI, cover- 
age is less frequent (about once per week), but lor the past five years most 
tagged animals have been identified (S. G. Allen, pers. comm.). Through a 
cooperative exchange of inlormation, movement of females between AN and 
SEFI and between SEFI and Point Reyes has been documented, but in 
general, most females are extremely site tenacious once they begin pupping 
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at a particular site. Emigration fh)in a site followed by immigration back to 
the original location has not been observed. Consequendy, we believe that 
case records of intemiittent reproduction are real, not errors associated with 
poor coverage of breeding areas. 

On S£F1, animals that Ibrgo breeding in one year and are confirmed 
alive and breeding in subsequent years (i.e., "skippers" ) are seen during 
the winter breeding season (6% of all those observed to breed intermittent- 
ly) or fall haul-out (15%) period, but most are seen during spring molt or 
in a subsequent breeding season (79%; Huber et al. 1991). Huber et al. 
(1991) demonstrated that skipping is fairly regular among multiparous 
females. althouc;h it is apparently more common for yoimg, 4- to 5-ycar-old, 
animals (Huber 1987). Natality oi females, 5 to 10 years old, averaged 80% 
among years, indicating that approximately 20% of the SEFI females do 
not pup in any given year. On AN. however, Le Boeuf and Reiter (1988) 
reported that agc-specihc natality varied little after first reproduction and 
that 97% of the females present on the rookeix during the breeding season 
each year gave birth (compared with 94% on SEl-"!). 

Whether skipping is associated with a life history strategy or a constraint 
imposed by ecological or social conditions is open to speculation. Intermit- 
tent breedincj (natalitv) also varies with ecological effects, such as ENSO, 
and life history traits such as age at first breeding. Huber et al. (1991) 
documented that natality rates on SEEl were lowest in the years following 
the 1982-1983 ENSO. Similar to Huber et al.'s findings on age at first 
breeding in relation to ENSO, reduced food resources in 1983 may have 
had a negative effect on female body condition, which, in turn, affected 
natality rates in 1984 and 1985. Overall natality rates in 1986 recovered to 
pre-ENSO levels, indicating a short-term effect. Huber (1987) found that 
females who began breeding at an early age were more likely to skip breed- 
ing in subsequent years than females that deferred reproduction. 

THE CObT OE REPRODUCTION 

Surviwd and Age at First Breeding 
Reiter and Le Boeuf (1991) studied survivorship to age 8 of female north- 
em elephant seals that first bred at age 3 (P3 group) versus females that de- 
ferred breeding until age 4 (P4 group). Females who bred at age 3 had low- 
er survival to age 4 than females that did not breed at age 3. This result 
provides strong evidence for the cost of reproduction among the youngest 
parous animals. Reiter and Le Boeuf attributed this result to the inunediate 
energetic cost of reproduction, which is greater in young primiparous 
females who are still growing. 

Survival of P3 females between the ages of 4 and 8 was lower than the 
survival of P4 females to age 8 (26.8% vs. 37.0%). Using a linear regression 
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analysis on grouped data, Rciterand Lc Boeuf (1991) reported a significant 
difference in the slopes of these survival curves. For a variety of reasons, 
however, we believe this approach was questionable. On statistical 

grounds, the linear regression used did not take into account differences in 
sample size for each age» heteroscedasticity in survival variance, and lack of 
independence between observations and assumes that residual errors are 
normally distributed. On biological grounds, female survival to the yeara^ 
ter first breeding i¥as included for the P4 group but not for the P3 group. 
This is an important distinction because the survival of P3 females to the 
year following first breeding (78.4%) was actually greater than the survival 
of P4 females to the subsequent year (74.3%). Omitting these data biases 
the results in favor of higher survival for the P4 group. Notwithstanding 
these difficulties, the data presented by JEleiter and Le Boeuf are critical to 
understanding the < \ olution of Ufe history patterns. 

We have reanalyzed the survival data presented by Reiter and Le Boeuf 
(1991) using a form of survival analysis, the Cox Proportional Hazards 
Model (GPHM; Kalbfleisch and Prentice 1980). This technique has be- 
come very popular among biostatisticians, in part because it does not 
assume a normal distribution in the response variable (survival), nor is it 
unduly sensitive to small sample si/cs and influential data points. Using the 
CPHM, we considered sur\'ival for P3 females from age 3 to 7 and P4 
females from age 4 to 8, a four-year comparison for both groups including 
the year after first breeding. For these data, the CPHM did not indicate a 
significant difference (LRS = 2.84, p=.092), although perhaps with addi- 
tional data the trend would be significant. Other possible comparisons 
(e.g., age 4 to 8 lor both groups) yielded higher p-values (p>.10). We be- 
lieve that the difference between our conclusions about statistical signif- 
icance and those of Rcitcr and I.c Boeuf (1991) reflect the tact that soon af- 
ter first breeding, when sample sizes were large, survivorship to the first 
year after breeding was actually higher for the P3 group (78.4% for P3 vs. 
74.3% for P4). Later in life, when the samjjic sizes were smaller (and thus 
standard errors were greater), the pattern reversed; survival of P3 females 
from age 7 to age 8 was 64 7o, whereas survival of P4 females from age 7 to 
age 8 was 70%. Unlike Riii( r and Lc Bocufs linrai i egression on grou})<-cl 
data, the CPHM takes into account variation ui sample size that could 
potentially bias results. We find Reiter and Le Boeuf's results compelling 
but feel that a larger data set (or dificrcnt data set) should be analyzed to 
confirm the trends they report. 

Future Fecundity and Breeding Intensity 
W.J. Sydeman et al. (1991) investigated the effects of prior reproductive 
effort on current and future reproductive success for northern elephant seal 
females. To index previous reproductive efibrt, the number of prior parturi- 
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tions in a female's reproductive history was tallied. The number of prior 
parturitions for each female is equivalent to a female's '^experience." It is 
important to note that experience not only serves as an estimate of yearly 
accrual of breeding skill but also reflects physical acts of reproduction. As 
such, experience, as measured, is an index to potentially costly reproductive 
activities such as gestation and parturition. The effects of ''experience" on 
weaning success were considered, with the potentially confounding efficcts of 
female age, using multiple logistic regression. 

Weaning success increased asymptotically with increasing female age 
(fig. 8.1a), but this relationship was clouded by the relationship between the 
number of times a female had previously pupped, that is, experience, and 
weaning success (fig. 8.1c). By statistically adjusting for the experience effect, 
W. J. Sydeman et al. demonstrated that the relationship between female 
age and weaning success was actually log-linear (fig. 8.1b), indicating that 
weaning success improved with each increase in female age. The relation- 
ship between female age and weaning success indicated that the benefits 
of increasing age were steadily realized throughout a female's lifetime, a con- 
clusion also reached by Reiter, Pankcn, and Le Boeuf (1981), although 
these authors did not control for the confounding effects of experience. 

Weaning success also improved with increasing female experience, but 
this relationship appeared to plateau and decline for extremely experienced 
animals (fig. 8.1c). Reiter, Panken, and Le Boeuf (1981) also found that 
weaning success improved with increasing experience for young animals. 
By statistically correcting ior the effect of female age (as discussed above), 
the downturning in the relationship between experience and weaning suc- 
cess became more pronounced (fig. 8. Id). Thus, the benefit of increasing 
experience diminished throughout an animal's lifetime, and effects became 
negative after five prior parturitions. The interaction between female age 
and female experience, that the effect of experience was dependent on age, 
was also significant. Another way to view this result can be seen when con- 
sidenng experience efi'ects within age groups. For example, among animals 
aged 4 and 5, the effect of experience on weaning success was positive (re- 
gression coefficient = .714), whereas for females aged 11 through 15, the 
effect of experience was negative (regression coefficient's —.279). 

Results suggest that when females are young, experience is beneficial, 
whereas late in life (after five previous reproductive bouts), additional ex- 
perience b detrimental. This result is not counterintuitive if one considers 
that experience may be an index to costly reproductive activities such as 
gestation, parturition, and, in some cases, lactation. Thus, the relationship 
between experience and weaning success demonstrates a cost of prior re- 
productive effort to fiiture fecundity. However, the negative relationship 
between experience and weaning success was found only after adjusting 
for the effect of female age; that manipulation deserves clarification. Biologi- 
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cally, age and experience wQuld be the same measurement if all females be- 
gan to reproduce at the same age and gave birth yearly. Due to the afore- 
mentioned variation in both age at first breeding and natality/intermittent 
pupping, this was not the case. Experience is actually equal to: 

age — age at first breeding - the number of hretding seasons skipped. 

Therefore, experience adjusted for female age reflects the effects of variation 
in age at first breeding and intermittent reproduction. Because experience 
adjusted for age reflects these life history traits, results are supportive of a 
trade-ofi in the life history strategies of female northern elephant seals; 
females that first breed at too young an age, or too intensely (continuously 
rather than intermittently), pay a cost in terms of reproducti\ e success late 
in life. Studies on red deer (Clution-Brock, Albon, and Guinness 1989) 
and birds (reviewed by Nur 1990 ) alscj demonstrate costs of reproduction 
expressed as reducuons in future fecundity. 

Population Dynamics and the Cost of Reproduction 
Reiter and Le Boeuf (1991) investigated age-specific weaning success and 
optimal age at first breeding in relation to rooker> density and juvenile sur- 
vivorship. These data allowed them to examine whether the benefit of 
breeding at age 3 outweighs the cost, expressed as the decrement in survi- 
val. Age-specific weaning success was greatest in low-density rookeries, and 
density effects were most influential on young animals. Reiter and Le Boeuf 
used these data, combined with information on age-specific survivorship, to 
calculate the net reproductive rate and intrinsic rate of increase for popula- 
tions composed of either P3 or P4 females and to estimate reproductive 
value of P3 versus P4 fonales. To model population growth, juvenile survi- 
vorship to the age of recruitment was assumed to be either 40% or 80%; re- 
sults of the model depend heavily on which juvenile survivorship value is 
used. Model projections indicate that at either low or high density, P4 
females maintain greater reproductive value at each age class than P3 
females. Estimates of the intrinsic rate of increase for P3 versus P4 popula- 
tions indicated higher growth rates for the P4 group. 

We converted the intrinsic rate of increase to the finite (annual) growth 
rate (A) using the formula A — e**, where r — the intrinsic rate of increase 
(table 8.1). Because elephant seal populations do not grow continuously 
through time but grow in a discrete manner, we believe that A provides a 
more useful and easily interpretable metric than the intrinsic rate of in- 
crease (r). The population generated by PS females in a high-density rook- 
ery with low (40%) juvenile survival was decreasing at a rate of 14.8% per 
annum compared to the P4 population, which declined at 11.4% per 
annum. The population generated by P3 females in a low-density rookery 
with 40% juvenile survival was decreasing at 8.1% per annum, compared 
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TABLE 8.1 The finite growth rate (A) for hypothetical northern elq)bant 
seal populations generated by females primiparous at age 3 (P3) versus age 
4 {P4). Growth rates are presented for hit;h- and low-density breeding 
conditions and in relation to low and high leveb of juvenile survival. 



JuBimle 


Bmduig 








summU 


dmsity 


P3 


P4 


%Diffiniigt 


Low (40%) 


high 


-0.852 


-0.886 


3.4 




low 


-0.919 


-0.941 


2.2 


High (80%) 


high 


-0.941 


-0.966 


2.5 




low 


1.038 


1.040 


0.2 



note: Values arc calculated from table 2 of Reitcr and Lc Bocuf 1991. 



to a decline of 5.9% per annum for the P4 population. Except for conditions 
of low density and extremely high (80%) juvenile survival, model popula- 
tions were declining. Declining model populations are consistent with field 
data from AN and SEFI indicating that immigradon maintains current 
populations and that internal recruitment is very low (Le Boeuf and Reiter 
1988; Huber et al. 1991). For example, Huber et al. esdmate that only 17% 
of the females bom on SEFI return there to breed. 

Reiter and Le Boeuf (1991) conclude that at very low densities, for ex- 
ample, for an incipient colony where weaning success and juvenile survival 
is high, breeding at age 3 may be optimal, but under other drcumstances, 
P4 is optimal. Northern elephant seals at AN have very low success at rear- 
ing pups as 3-year-olds, and thus it is not surprising that the benefit of 
breeding at age 3 did not outweigh the cost. This conclusion is consistent 
with field data bom both colonics, where the modal age at first reproduc- 
tion is 4 years. Also, if P3 is selected against, the frequency of 3-year-old 
breeders should be declining (if age of primiparity is heritable). Notably, on 
SEFI, fewer than 15% of the animals are primiparous at age 3 (Huber et 
al. 1991; Sydeman et al. 1991). We would expect a similar decline in P3 
females at AN for recent years. Finally, Reiter and Le Boeufs analysis 
points to the adaptive valiK of dispersal and immigration to small or newly 
formed colonies when high-density conditions prevail at a natal rookery. 

SIGNIFICANCE OF INDIVIDUAL VARIATION FOR LIFE 

HISTORY PATTERNS 

Understanding the evolution of reproductive strategies requires under- 
standing variance, in addition to the mean, in reproductive success. Hence, an 
analysis of individual differences in weaning success is called for (Gillespie 
1977; Segcr and Brockmann 1988). Here we address the possibility of differ- 
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ences among females as well as differences within individuals between 
years. To this end, in addition to an analysis of mean weaning success, we 
provide an analysis of the distribution of successes and failures for each in- 
dividual. Many investigators have looked at the total number of young 
weaned (or for birds, fledged), but no one, to our knowledge, has examined 
the pattern of successes and failures during an individual's lifetime. 

First, as an introduction to this analysis, wc consider what proportion of 
the variation in weaning success is attributable to female age and breeding 
experience and what proportion to differences among individuals. We re- 
stricted our data set to those females with a history of at least three years of 
reproductive success. Without controlling for age or experience, wc calcu- 
lated that the "individual effect" accounted for approximately 26% of the 
variation in weaning success (F= 1.47, df= 120, 500, p = .003, r^ = .261). 
Controlling for age and experience, we found that the individual effect 
accounted for approximately 24% of the variation in weaning success 
(F= 1.49, df= 120. 495, p= .0019, partial r-'= .235). .\gc and cxprrirncc, 
combined, explained an additional 12% of the variation in weaning success 
(F=17.3, df=4, 493, p<.001, partial r^ = .115). This analysis indicates 
that some females arc consistently better and others consistently worse at 
raising their pups to weaninjEf ae;r. Additionally, the effect of differences 
among individual females on weaning success is independent of the effects 
of age and experience, and, notably, between-individual differences in 
weaning success had greater predictive powers than age or experience in 
determining reproductive success. 

Next, we compared the distribution of successes and failures with a null 
model that assumes that all indi\'iduals of a gi\cn "longevity'' class have 
the same probability of successful reproduction. Biologically, this implies 
that there is no variation (i.e., homogeneity) among individuals in the prob- 
ability of success in a given year. Differences among individuals (i.e., heter- 
ogeneity) would be expressed as excess numbers of individuals that are 
either very successful or very unsuccessful in rearing pups to weaning age. 
Second, the null model assumes that there is independence among the re- 
productive attempts within an individual. Biologically, this implies that 
success or failure in one attempt does not affect success or failure in a fol- 
lowing attempt. If there is within-individual dependence in pup-rearing 
ability, it could be of a compensating or d^ensating nature. For example, T. H. 
Clutton-Brock et al. reported that individual red deer, Ctmis elaphus^ hinds 
that were barren or unsuccessful at rearing a calf in one year were more 
likely to successfully rear a calf in the following year. Interannual depen- 
dence of this nature is compensating and would lead to less variation in the 
distribution of successful and unsuccessful weaning among females than ex- 
pected under a null model. Alternatively, Le Boeuf, Condit, and Reiter 
(1969) found that female northern elephant seals that failed to wean a pup 
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TABLE 8.2 Matrix of the number of successful reproductive attempts by 
longevity class for female northern elephant seals on SEFI, California, 
1978-1989. Lone;cvity class is an index to longevity as it represents the 

number of records per indi\'idual in oiar SEFI data set for which we have 

mformation on weaning success. 



Number of successful attempts 

Longevity 

class 0 1 2 3 4 5 6 7 8 9 10 



1 


53 


58 




















2 


5 


19 


19 


















3 


1 


6 


7 


11 
















4 


0 


4 


4 


13 


9 














5 


0 


1 


4 


5 


7 


9 












6 


0 


0 


0 


0 


4 


7 


3 










7 


0 


0 


0 


0 


2 


3 


4 


1 








8 


0 


0 


0 


0 


0 


0 


2 


0 


6 






9 


0 


0 


0 


0 


0 


0 


1 


2 


2 


0 




10 


0 


0 


0 


0 


0 


0 


1 


0 


1 


1 


0 



in one year were less likely to rear a pup in the next year. Interannual de- 
pendence of this nature is depensating and would lead to excess variation in 
the distribution of successful and unsuccessful weaning among lemales than 
expected under the null model. T hus two factors, heterogeneity among indi- 
viduals and depensation, lead to excess variance, while only one factor, 
compensation, leads to a deficit of variance relative to that expected in a 
history of successes and failure of a given animal. Depensation is essentially 
a positive feedback mechanism between successive breeding attempts, while 
compensation represents a negative feedback mechanism. 

Wc first revisit the question, arc there dilTerences among individuals in 
the likelihood of success? We use the Farallon distributional data set to 
answer it. We summarized successes and failures in relation to the number 
of breeding records per female from 1978 to 1989 in tabic 8.2. Each indi- 
vidual female appears only oiu ( in the summary. The number of records 
per indi\ idual is an index of longevity because it represents the number of 
records per individual for which we have information on successful or un- 
successful weaning, not the true reproductive life span of females. Only tor 
longevity classes 2, 3, 4, and 5 (table 8.3) do we have adequate data to test 
individual females by comparing observed and expected numbers of succes- 
ses and failures. For longevity class 2, we found that the variation in wean- 
ing success i)er individual was equal to that predicted by the null model. 
For longevity classes 3, 4, and 5 considered separately, we found that the 
observed distribution of success and failure tended to be slightly excessive 
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TABLE 8.3 Stratified longitudinal analyses of weaning success for female 
northern elephant seals with 3, 4, and 5 years of reproductive history on 

S£FI, California. 



Number sueus^ npniutiM ttttm^ts 





0 


1 


2 


3 


4 


5 


Longevity class * 3 Ok^ - 


»2.46,df»2,NS) 










Observed number 


1 


6 


7 


11 






Expected number 


0.63 


4.36 


10.99 


8.82 






Longevity dass " 4 (x^ » 3.53, d£- 


s3, NS) 










Observed number 


0 


4 


4 


13 


9 




Expected number 


0.172 


1.809 


7.156 


12.576 


8.288 




Longevity class = 5 {x^- 


= 5.30, df = 


= 3, p = . 


151) 








Observed number 


0 


1 


4 


5 


7 


9 


Expected number 


0.19 


0.307 


1.991 


6.452 


10.455 


6.777 



TABLE 8.4 Longitudinal analysis of female northern elephant seals: Mean 
and variance in weaning success. Expected variance under the assumption 

of a binomial null model (see text). 



Longevity 
class 


N 


Mean 


Obsfrvfd 
variance 


Expected 
variance 


% 

DiJJerenu 


1 


111 


.52 


0.250 


0.250 




2 


43 


.66 


0.452 


0.447 


+1 


3 


25 


.71 


0.826 


0.622 


+25 


4 


30 


.73 


0.957 


0.798 


+ 16 


5 


26 


.75 


1.428 


0.947 


+45 


6 


14 


.82 


0.495 


0.880 


-44 


7 


10 


.77 


0.840 


1.234 


-32 


8 


8 


.94 


0.750 


0.469 


+38 


9 


5 


.80 


0.560 


1.440 


-61 


10 


3 


.77 


1.555 


1.789 


-13 



relative to expected values (0.20>p> .10). By pooling the data for females 
with three, four, and five years of reproductive history, we found significant 
heterogeneity among individuals (x' = 7.66, df^S, p=.054). There were 
more animals that succeeded completely or that failed totally than expected 
by the null model (fig. 8.2). 

To examine the significance of heterogeneity among individuals, com- 
pensation, or depensation, we calculated the observed and expected 
in weaning success for each longevity class assuming homogeneity among 
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■ observed n expected 

40 n 



n 

0) 




All Successful 1 Failure 2 Failures 3+ Failures 

Fig. 8.2. The observed and expected number of successes and failures for female 
northern elephant seals on SEFI, California, for which we had 3 to 5 years of repro- 
ductive history. For example, "one failure" represents females who were successful 
in weaning a pup 2 out of 3, 3 out of 4, and 4 out of 5 times. 

individuals and no compensation or depensation within individuals (table 
8.4). The final column indicates the direction and magnitude of the devia- 
tion between the observed and expected variance. Up to longevity class 5, 
the difference between observed and expected variance is positive, whereas 
after class 5, the difference is negative. The change in the sign indicates ex- 
cess variation, relative to the null model, for females with five or fewer years 
of reproductive history and minimal variation for animals with six or more 
years of information. The negative discrepancy between expected versus 
observed variance for animals appearing often in the data set can only be 
explained by dependence of successes and failures within an individual that 
is of a compensating nature; that is, failure in one year promotes success in 
the next and vice versa (Clutton-Brock, Albon, and Guinness 1989). How- 
ever, the positive discrepancy in the observed versus the expected vari- 
ance for animals appearing relatively infrequently in the data set could 
be attributed to either heterogeneity among individuals or depensation. 

One hypothesis, that excess variation among "longevity" classes 3, 4, 
and 5 is attributable to heterogeneity among individuals, predicts that 
"poor quality" individuals, that is, those most likely to fail, and those that 
contribute much of the excess variation in longevity classes 3, 4, and 5, will 
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TABLE 8.5 Reproductive success of "short-lived" females (1—5 breeding 
seasons) versus "long-lived" females (6-10 breeding seasons), controlling 
for breeding experience, for 3rd, 4th, and 5th breeding seasons. 



Wimmg auciss 




SE 


N 


"Short-lived" frmalrs 


0.894 




169 


**Long-lived" females 


0.863 


0.032 


117 



•DUTennce in means NS (p > .6, ANOVA). 



drop out of the data set late in life. If so, longevity should be significantly 
correlated with weaning success. Indeed, weaning success increased signif- 
icantly with increasing "longevity" (table 8.4; logistic regression analysis; 
LRS,,„,3,= 33.63, p <. 001 : LRS^.,.,Hra,ir = 3.92. p=.048); however, after 
controlling for age, the effect of ''longevity ' was no longer significant 
(LRS = 1.57. p = .210). The same negative result was obtained after con- 
trolling lor experience ( I-RSio„^cvity — 0.74, p = .390). Therefore, the longev- 
ity efiect can be attributed to age and/or experience; longevity adds little 
predictive power beyond the effect of age or exp("rience in determining 
weaning success. Supportintr this result is a comparison of the reproductive 
success of "short-lived" females and "long-lived" females during second and 
third breeding attempts only. Females destined to be long-lived were no 
more successful as young breeders than females destined to be short-lived 
(table 8.3). logether, these results provide evidence against the prediction 
that poor quality individuals arc less likely to survive to the oldest longevity 
classes in our data set. Instead, these results support the concept of de- 
pensation, rather than heterogeneity among individuals, as an explanation 
for the excess variation observed in weaning success for animals appearing 
five or fewer times in the Farallon data set. For northern elephant seal 
females, we conclude that (1) early in life there appears to be depcnsating 
dependence between reproductive attempts (as suggested by Le Boeuf, 
Condit, and Rdter 1989), but later in life there is compensating dependence 
(as in Clutton-Brock, Albon, and Guinness 1989), and (2) heterogeneity 
among individuals is not related to longevity. 

CONCLUSION 

In the literature, there is considerable evidence of trade-ofis in the life his- 
tory of female northern elephant seals. These trade-offs involve both future 
fecundity and survival. In terms of future fecundity, the cost of reproduc- 
tion is related to continuous rather than intermittent reproduction and re- 
production at a young age versus deferred breeding (Sydeman et al. 1991). 
Conceptually, the cost may be detailed as follows: late in life, individuals 
who have bred often for their age, that is, those that show high levels of 
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breeding intensity, have poorer reproductive success than those who have 
bred fewer times for their age. We believe that age of primiparity plays a 
more significant role than continuous reproduction in determining future 
fecundity, but additional research is needed to address this issue. The exact 
mechanism associated with reduced weaning success for elderly females is 
unknown, but a decrease in aggressiveness or dominance may play a role in 
declining pup survival. In terms of survival, the cost of reproduction 
appears to be related to age at first breeding (Rcitcr and Le Boeuf 1991) 
and possibly natality (Huber 1987). Maternal survival was inversely related 
to age of primiparity (Reiter and Lc Boeuf 1991), although we have re- 
marked that additional data are needed to confirm statistical significance of 
diflferences in survival rates. Calculations of reproductive \ alue and the in- 
trinsic rate of population increase (Reiter and Le Boeuf 1991) and estimates 
of annual population growth rates (this chap.) indicate that deferred breed- 
ing to age 4 is optimal. Based on this model, P3 females should be decreas- 
ing in frequency in the California population, a suj^s^^stion consistent with 
field observations from the Faralloncs (Huber ei al. 1991). However, due to 
the frequency of ENSO events in the 1980s and changes in population den- 
sity, arguments concerning the match between optimal age of primiparity 
and field observations remain speculative. 

Wc also investigated the potential "individual female" effect on weaning 
success directly in this chapter. Results indicate that some females are bet- 
ter and others are worse at raising their pups to weaning age. In fact, the 
individual female effect accounted for more of the variation in mean wean- 
ing success than maternal age and breeding experience combined. The indi- 
vidual female effect may be due to choice of parturition site or correlates of 
phenotypic variation, such as body size. Excess variation in the distribution 
of successes and failures among relatively short-lived females on the Faral- 
loncs was probably related to depensation rather than heterogeneity among 
individuals, although direct between-year, within-individual comparisons 
are needed to address this hypothesis. The concept of depensation in north- 
ern elephant seals is supported by the findings of Le Boeuf, Gondii, and Rei- 
ter that resightings of females that had successfully reared a pup were signif- 
icantly greater than resightings ol temales that tailed to rear a pup and that 
females that had experienced reproductive failure in one year were no more 
likely to be successful in the subsequent year. The deficit in variation 
observed for females appearing six or more times in the Farailon data set 
can only be explained by compensation. 

The individual female effects described herein also have application to 
life history theory and estimates of cost of reproduction for this species. 
Models of alternative reproductive strategies need to be viewed in the con- 
text of differences among individuals because such variation may ailect esti- 
mates of the cost of reproduction (Nur 1988; Partridge 1989). For example, 
if females of superior quality show higher reproductive rates than females of 
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inferior quality, and if reproductive eflbrt is opttmizcd in relation to quality, 
then a positive correladon between maternal survival and weaning success 
could arise despite there being a survival cost associated with increased re- 
productive dSom (Nur 1988). If individual factors influence weaning suc- 
cess, it is likely that these same factors will influence female survival. The 
result of such confounding is that a survival cost associated with reproduc- 
dve efibrt may be masked by differences in female quality. Indeed, the lack 
<3i Statistical significance in survival rates between P3 and P4 females, as de- 
termined by us using the CPHM, may be explained by this type of con> 
founding by individual variation. 

Individual female northern elephant seals may be foUowing mixed repro- 
ductive strategies (Maynard Smith 1982) governed by individual quality. 
Breeding late in life or intermittently may be part of a life history character- 
ized by low reproductive effort and longevity. Conversely, early breeding 
and continuous reproduction may characterize a life history of high repro- 
ductive tSoTt at the expense of longevity. Direct modeling of fitness curves 
for these or other alternative strategies would offer insight. With continued 
investigations on marked populations of northern elephant seals, the causes 
and consequences of variation in life history patterns in a varying environ- 
ment may be better understood. 
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Sexual Selection and Growth in Male 

Northern Elephant Seals 

Walter L. Clinton 



ABSTRACT. I Studied the interactions between body size, growth, and life history in 
male northern elephant seals, Mmunga angusHmbis, by cxmstructing a growth curve 
and comparing the characteristics ingrowth to the pattern of male life history. The 
aim this study was to determine the relationship between growth rate and age- 
specific male mortality rates. Four related exponential functions ixnd a two- 

component logistic function were fitted to age-length data by nonlinear least scjuares 
regression. The two-component logistic curve fit the age and length data better than 
the best fitting exponential curve, the Richards function; however, both functions 
indicated a peak in growth rate around 3 to 5 years of age. Growth rates were high 
from 2 to 6 years of age, with relative growth rates of about 10% per year. Standard 
length of males increased each year of life until 9 years of age, and measurements of 
actual yearly growth indicated that after physical maturity, males stopped growing. 

The peak in growth rate around 3 to 5 years of age and the end of growth by 9 
years of age were related to important characteristics in the life history of males. 
The growth spurt may be associated with delayed maturity and a consequence of 
sexual selection for large body size. The timing of the growth .spurt coincided with 
the lowest age-specific mf)rtalit\ rates over the life span of males and with the ages 
when increased growth rate was matched by longer periods of foraging at sea. Thus, 
the ages when males were exposed to the survival disadvanta^ of high grow^ 
rates were actually a period of low mortality. The high mortality among males 
occurred at 9 to 10 years of age after growth has ended and appeared to be associ- 
ated with competition for mates. 



Growth rates and body size are correlated with life history parameters such 
as age at maturity and agc-spedfic fertility (Calder 1984). Where sexual 
selection has produced sexual dimorphism with males larger in size, male 
life history characteristics have also changed: males mature more slowly 
than females, delay breeding to older ages, and die at a higher age-specific 
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rate (Trivers 1985). To study the interactions between body size, growth, 
and life history, I collected data on size and age of male northern elephant 
seals, M. angustirostris, and constructed a growth curve to compare the char- 
acteristics of growth with those of male life history (Clinton 1990; Clinton 
andLe Boeuf 1993). 

Modifications of pinniped male growth patterns due to sexual selection 
have been analyzed mainly by comparison with the growth pattern of 
females (Laws 1953; SchcfTer and Wilke 1953; Carrick, Csordas, and Ing^ 
ham 1962; Bryden 1972; Innes, Stewart, and Lavigne 1981). These studies 
show that males undergo an adolescent growth spurt, a type of pattern that 
was first described in humans (Bogin 1988; Harrison et al. 1988). In south- 
ern elephant seals, M. leonina, growth curves differ early between the sexes 
(Carrick, Csordas, and Ingham 1962). Males are larger than females after 1 
year of age, and from 2 to 4 years of age, males grow at a faster rate than 
females. Growth curves indicate the female growth rate steadiK decreases 
after 1 year of age. After a period of decreasing growth rate, the males' 
growth rate increased at 6 to 7 years of age, which is one to two years after 
puberty. This growth pattern in pinniped males was also found in northern 
for seals, CaUorhmus ursinus, in which the growth rate accelerated one to two 
years after puberty (Schcffer and Wilke 1953). 

In polygynous species in which males are larger than females, the high 
male gfrowth rates seen near puberty may be associated with increased male 
mortality rates (Ralls, BrownelK and Ballou 1980). The aim of this stucly 
was to determine the relationship between growth rate and age-specific male 
mortality in northern elephant seals. First, I review male life history to 
establish the age-specific pattern of male mortality; second, I present the 
growth curve for males; and finally, to consider whether increased growth 
rate is associated with increased mortahty, I examine the concurrence be- 
tween increased growth rate and changes in age-specihc male mortaUty. 

REVIEW OF MALE LIFE HISTORY 

The life history of male northern elephant seals has hccn strongly shaped 
by sexual selection (Lc Bocul and Reiter 1988; Clinton 199U; Clinton and 
Le Boeuf 1993). Compared to females, males delay the age of first breeding 
and live shorter lives. Most important, male reproductive success depends 
on the ability to compete for matings. Males that obtain the most matings 
presumably incur the greater risks and expend more energy during breed- 
ing competition (Deutsch, Haley, and Le Boeuf 1990); thus, increases in 
male reproductive success should be associated with decreased survival and 
decreased future mating success. 

The life table indicates the key periods during the life of males and re- 
veals the effects of sexual selection (table 9.1) (Clinton 1990; Clinton and 
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TABLE 9.1 Life tabic 
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0.041 


0.667 


2.345 


5.847 


1.351 


11 


0.014 


0.174 


2.886 


10.306 


2.053 


12 


0.011 


0.267 


5.914 


9.224 


1.380 


13 


0.008 


0.800 


4.513 


4.513 


0.700 


14 


0.002 


1.000 


0 


0 


0.500 



note: From Clinum and Le fiocuf 1993. 



Lc Boeuf 1993). Males reached phcnotypic maturity and began to mate at 
ages ranging Irom 5 to 10 years, with a mean age of 8 years. Male fecundity 
increased until 12 years of age, which is very late in the short fourteen-year 
male life span. After an initial decrease over the first lour \ rars of life, male 
mortality rates increased steadily from 5 to 10 years of age, a period that in- 
cluded the ages when males are growing in size and developing their secon- 
dary sexual characterbtics. But at 11 to 12 years of age mortality rates 
dropped, even though fecundity continued to increase. 

The second drop in mortality rates produced a characteristic ''hump" in 
the middle of the age-spedfic mortality curve. Two factors possibly contrib- 
uting to this increased mortality are relatively young and inexperienced 
males entering reproductive competition and nutritional stress due to high 
male growth rates (Ralls, Brownell, and Ballou 1980). Male elephant seals 
fast during the breeding season, and the length of the fast increases sharply 
at 6 years of age (iig. 9.1). Part of the increase in male mortality may be 
attributed to young males increasing the length of their breeding haul-out 
and changing its dming so that it overlaps with the period of femaJe estrus. 

In male northern elephant seals, reproduction early in life is costly in 
terms of survival and contributes to the increase in mortality in males from 
6 to 8 years of age. A phenotypic cost of mating is shown by the negative 
reladonship between current mating success and future mating success at 
these ages (table 9.2) Males that mated at 7 to 8 years of age had poor 
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Fig. 9.1. The annual cycle of males from 1 to 13 years of age. The black and gray 
bars show the dates and duration of mean haul-out periods for the breeding season 
and molt season. The broad gray band indicates the period when females arc in 
estrus. The error bars are the standard deviation of the haul-out duration, and the 
dashed lines indicate the standard deviation of the arrival and departure dates 
(when these exceeded the standard deviation of the haul-out duration). 
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TABLE 9.2 Correlations between current mating success and future mating 

success. 





Correlation coeffieUnt 


PnkMitjf level 


SampUsize 


6 


-0.300 


p = .10 


31 


7 


-0.343* 


p = .03 


41 


8 


-0.339* 


p = .04 


37 


9 


0.046 


p= .80 


30 


10 


-0.003 


p=.99 


19 


11 


0.249 


p = .43 


11 


12 


0.63a 


p=.07 


9 



note: From Clinton 1990. Correlation cocfTicients arc Spearman rank-order coefficients. Prob- 
abilities are lor two-tailed tests fur diilerencc Irum zero. Signilicant correlations arc marked 

with asterisks. 



prospects because their mortalit\ was higher during the year after breeding 
compared to males who did not mate (Clinton and Le Bocuf 1993). At 9 
years of age, the relationship between current mating and future mating 
success diminished, then shifted to a positive but not sigiuiicant rela- 
tionship at the ages when mortality rates decreased. The cost of mating was 
evident during the ages when males were not yet phenotypically mature, 
and high male growth rates before maturity may have contributed further 
to the increased mortality rate. To determine the growth rate of males, I 
collecied length data from a cross section of males from weanmg to 14 years 
of age. 

METHODS OF MEASURING LENGTH AND GROWTH 

Measuring the Length of Male Elephant Seals in the Field 
From 1983 to 1988, serial nose-to-tail length measurements of 117 known- 
age males and 103 tagged males of unknown age were obtained at Aiio 
Nucvo, California, during the &11 haul-out or winter breeding season (Clin- 
ton 1990). Tagged males were measured each season they were present 
whenever this was possible. Individual seak were measured more than once 
in a season so that measurement error could be assessed. Attempts to 
obtain multiple measurements focused primarily on known-age males. 
Altogether, 437 length measurements were obtained in the field. 

Male seals were measured with a tape measure when lying at rest with a 
straight body posture on flat sand or gravel. Straight line measurements 
fiv>m nose to tail were taken as males lay on their bellies or sides. Body posi- 
tion (lying on belly or side) and body posture (straight or tail curved) were 
recorded. According to the American Society of Mammalogist's (1967) def- 
inition of standard length (or seals, the males ought to have been measured 
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while lying on thdr backs. This was not possible with unrestrained seals, 
and males on their sides usually appeared to have the same general posture 
as an animal on its back, so measurements of individuals in both positions, 
lying on the belly and lying on the side, were obtained to measure the efiect 
of body position on the length measurement. 

Field measurements were adjusted to a set of standard conditions that 
were equivalent to the measurement of length that would have been 
obtained if a seal was on its side. Based on multiple measurements in dif- 
ferent positions, males measured while lying on their bellies had 4.7 cm 
added to their length to compensate for the slight decrease in length 
obtained due to this body position. These adjusted standard lengths are 
simply referred to as standard lengths in the text. 

Means and standard errors of standard length, growth rate, and relative 
growth rate were calculated for individual males grouped by age. Actual 
yearly groMrth of individual males was measured by subtraction df consecu- 
tive standard lengths for each seal measured in consecutive seasons, and rel- 
ative growth was calculated by dividing annual growth by the initial stan- 
dard length. Based on repeated measurements of individuals during the 
same season, I estimated the error of length measurements to be ±10.8 cm, 
which is 2 to 3% of a male's length (Clinton 1990); the magnitude of 
measurement error limited the accuracy of measured yearly growth for in- 
dividual males, especially as growth rates neared zero. 

To increase the sample size for males at older ages, 14 tagged adult 
males, 10 to 13 years old, were included in the cross-sectional data. These 
males were tagged as subadults and could be aged to within ±1 year based 
on the developmental categories that each seal was assigned as they re- 
turned to Ano Nuevo each season (Le Boeuf 1974; Clinton 1990; Clinton 
and Le Boeuf 1993). 

Exponential Growth Curves 
A family of four exponential functions — the Richards, the logistic, the 
Gompertz, and the Brody curves (table 9.3) — were fitted to these data to 
estimate the parameters of the growth curve (Brods 1945; Richards 1959; 
Fitzhugh 1975). These functions are commonly used because their param- 
eters have useful biological interpretations (Richards 1959). The equa- 
tions are written so that length (L) is a function of age, but since these 
curves are based on the idea that growth rate depends on an organism's 
current size, growth and relative growth are functions oflength. The impor- • 
tant features of the male growth pattern, such as the changes in growth rate 
with age, the age of highest growth rate, and the age when growth ends, 
were obtained from the parameters of the funciion that best fitted the data. 
The important parameters arc m, k, and A because my objectives are to de- 
scribe the growth pattern of male seals to adult size (which is related to m 
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TABLE 9 :^ Exponrntial t;ro\vlh functions. 
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LogiUu 



Gompertz 



Brody 
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Growth 
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growth 
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maximum 
growth 
rate 



A(l±bc-''«)»-« 

1-m 
k[(^)l-m-l] 

1-m 
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Ami-n 



^ A 



1 + bc-''* 

kL(A-L) 
A 



Ml-*) 



A^ 

2 



A(c-»'*-'*) 
kLlii(t) 



A^ 
e 



A(l-bc-»") 
k(A-L) 



kln(t) k(^- 1) 



undefined 



note: This family of equations is written so that length is a tunciiun of time, but since these 
cuivcs are based on the idea that growth rate depends on an organism's current size, 
growth and reladve growth (^^) are (unctions oflength. 



and k) and to estimate when grow th ends (which is related to A). The value 
of m determines the shape of the curve and the size (or age) when growth 
rate is maximal. If m > 0 the age-length curve will be sigmoid, and the 
growth rate will have a maximum at some age after the begiiuiing of the 
curve. The value of k determines the inhibition of growth as age increases; 
basically, if m, b, and A arc constant, larger k values mean larger size at 
given ages during the period of growth, faster growth at young ages, and a 
faster approach to asymptotic size. Because b is a time scaling factor, its 
value is not biologically significant. 

A sigmoidal curve describes growth in most birds and mammals. This 
growth pattern is usually modeled with the Richards curve, or two of the 
special cases of this curve — the logistic and the Gompertz curves (Richards 
1959; Case 1978; O'Connor 1984; Sibly and Galow 1966). The Richards 
equation is a four-parameter function that encompasses the three-param- 
eter functions, since each of the other curves can be derived by setting 
m to specific values: m = 2 for the logistic, and m— » 1 for the Gompertz. 
Where growth decreases steadily after birth, the best fit will be obtained 
when m s 0, which is the Brody fimcdon. Each of these functions has a 
different shape mainly because each has a different point of inflection, 
which is the length (or age) at which growth rate is highest. 

Multicomponent functions based on the logistic function have been used 
widely in recent longitudinal studies of growth curves that featured growth 
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spurts (Bock et al. 1973; Koops 1986). The change in growth rate is mod- 
eled by an additional set <^ parameters that begin to contribute to the shape 
of the growth curve at the transition between stages in a multioomponent 
function. In this study, the cross-sectional data for male M. angiistirostris 
were fitted to a two-component function consisting of the sum of two logis- 
tic functions: 

L = ^ + ^ . 

The first part of this equation governs growth early in life, and the second 
part begins to contribute to size later in life. The parameters di and da are 
the ages of the maximum growth rate for the first and second components; 
these parameters also eliminate the scaling parameter b firom the function. 
For the cross-sectional data in this study, maximum growth in the 
first phase was assumed to occur near birth when pups are nursing from 
their mothers, so d| was set to zero initially before estimating the other 
parameters. 

The exponential growth functions were fitted to the cross-sectional age- 
length data by nonlinear least squares regression using the SAS NLIN pro- 
cedure (SAS Institute 1985). AH standard length measurements obtained 
for aged males were included in the data set. Stricdy speaking, the data 
were mixed cross-sectional— longitudinal since some individuals were 
measured at more than one age (Fitzhugh 1975). Although data for these 
seals violated the least squares assumption that the observations are inde- 
pendent, the estimates of age-spedfic size and growth rate are usually im- 
proved by collecting mixed data instead of obtaining purely cross-sectional 
data (Tanner 1951). 

GROWTH OF MALE NORTHERN ELEPHANT SEALS 

Standard length of males increased each year of life until 9 years of age. 
Table 9.4 shows the age distribution of males measured and the descriptive 

statistics for standard length, e^rowth, and rrlati\e c:rf)wth. Yearly growth 
rates were high from 2 to 6 years oi age, and the relative growth rates indi- 
cate males increased their linear size by adding about 10% per year to their 
length until growth slowed at 7 years of age. But changes in growth rate in 
young males arc not reflected in these data since 2- to 5-year-old males 
were difficult to measure in consecutive seasons, which limited the sample 
sizes for growth at each age to one to two males. The curves fitted to the 
length and age data had larger samples for these ages, and the growth rates 
of young males could be calculated from the parameters of the age-length 
curve. 

To determine the exponential function that best described the rela- 
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TABLE 9.4 Standard length, measured growth rate, and relative growth 

rate. 



Growth rate 



Agi 


Standard iength 


N 


Annual 


Relative 

\ length / 


N 
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182.9 ± 3.3 


5 
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207.4 ±2.4 
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22.6 ±5.6 


0.11 ±0.03 


2 


3 


232.7 ±3.3 


10 


29.8 


0.12 


1 


4 


272.6 ± 5.7 


12 


32.0 


0.12 


1 


5 


304.7 ±4.5 


10 


39.6 ± 8.4 


0.13 ±0.03 


2 


6 


334.2 ± 2.9 


27 


29.9 ± 5.0 


0.09 ±0.02 


12 


7 


356.7 ± 3.0 


35 


17.4 ±3.7 


0.05 ±0.01 


15 


8 


370.5 ± 3.9 


23 


6.7 ±4.1 


0.02 ±0.010 


7 


9 


390.6 ±4.1 


20 


5.3 ±5.7 


0.014 ±0.014 


6 


10 


394.8 1 5.7 


13 


4.4 ±14.0 


0.012 ±0.036 


2 


11 


395.4 ±10.7 


7 


-2.5 ±5.8 


-0.006 ±0.015 


3 


12 


397.2 ±3.6 


7 


-9.9 ±8.9 


-0.024 ±0.022 


2 


13 


395.7 ±3.0 


2 









note: Figures arc mean ± S£ in cm. At ages 9-13, figures include estimated age males. 



tionship between ag^e and standard length, the lour related exponential 
curves were fitted to the cross-sectional age and length data by nonlinear 
least squares regression. Since the variances in standard length of males at 
each age were not equal (Bartlett*s test: B = 23.951, df= 13, p<.05), the 
data for each age were weighted by the inverse of the standard deviation of 
length at that age. The Richards function with an m value close to 3 was 
the best fitting function of the exponential family of curves (table 9.5). The 
next best exponential function was the logistic curve, where m » 2, and 3 
parameters are estimated by least squares rather than 4 parameters. A 
likelihood ratio test (Gallant 1987) of the Richards function versus the 
logistic function indicated the Richards function was a better fit of the data 
(L " 3.393, P(L) s P[Fi.i7i] » 0.933, P is the likelihood tiiat the fiiU model 
is a better fit). 

The two-component logistic curve fitted the age and length relationship 
of the cross-sectional data better than the Richards function according to 
several criteria. The two-component logistic curve had a higher R-square 
value (table 9.5). Although a reliable F test evaluating the significance of 
the difference between the fit of these two curves is not available, a pseudo- 
F test (variance ratio) indicates an improved fit of the two-component logis- 
tic curve versus the Richards function (F1.171 = 18.233). The plot of cross- 
sectional data with the two-component curve showed that this curve closely 
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Fig. 9.2. The two-component logistic growth curve plotted with the cross-sectionai 
data for male age and standard length. 

followed the data (fig. 9.2). In comparison vrath the yearly growth data that 
were collected, the two-component logistic function was closer to measured 
growth rates among young males, and both functions were good predictors 
of growth after 5 years of age. Since the growth rate predictions of the func- 
tions diifered most at these younger ages, the better fit of the two- 
component logistic curve indicates that it was a better model of male 
growth during the ages of high growth rates. 

At 9 years of age, both exponential functions for the age and length 
curves were within 95% of asymptotic size, and the instantaneous yearly 
growth rate was about 8*^. For several years the fitted fimctions continue 
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to approach the zero growth rate, but male seals appear to stop growing 
by 9 years of age (table 9.4). Measurements of yearly growth indicated that 7 
years of age was the last year of significant measurable growth (H©: 1^ = 0, 
x= 17.4-^, t = 4.703, df= 14, p< .05) and that growth of 8-year^ld males 
%vas near zero (x = 6.7 t = 1.634, dfs6, p= .153). Yearly growth was 
near zero among males finom 9 to 12 years of age (table 9.4), but the sample 
sizes were small. A larger sample, including both aged males and males of 
unknown age that were initially tagged as adults, showed that yearly 
growth measured from adult males was zero (x=— 0.8-^, t = — 0.0573, 
df= 39, p= .955). Thus, after physical maturity, males did not increase in 
standard length during a year. Like virtually all mammals, male elephant 
seab have a determinant growth pattern in which growth ends near the age 
c£ physical maturity. The mean standard length of all adult males mea- 
sural, including those of unknown age, was 384 ±17.5 cm (±SD; N » 127, 
range — 345-419 cm). 



LIFE HISTORY AND GROWTH 

The Richards and the two-component l<^tic growth curves both showed 
two important features of the growth pattern for male northern elephant 
seals, which were the peak in growth rate around 3 to 5 years of age and the 
end of growth after 8 years of age. These two characteristics in the growth 
pattern relate to the life history of males in this species. First, increased 
growth rates of males near puberty have hern found in other polygynous 
seals and in anthropoid primates in which males are larger than females in 
size, males mature and reproduce later in life than females, and the mating 
systems are polygynous. This suggests that particular modifications in the 
growth patterns, such as a growth spurt near puberty, may be associated 
with sexual selection for large body size in males and that the acceleration 
in growth rate around puberty may be connected to delayed maturity. 
Second, growth in length ends when maturity is reached at 8 to 10 years of 
age and males make the transition to the ages of successful social competi- 
tion for mates (Clinton 1990; Clinton and Le Boeuf 1993). 

High growth rates around puberty were fust noted in domesticated an- 
imals and in humans by S. Brody (1945). He suggested that the postnatal 
growth rate increased until puberty and then decreased, producing a sig- 
moidal growth curve such as the Richards curve. Except for the primate 
growth models with an adolescent growth spurt, the commonly used growth 
models have been simple exponential functions with a sigmoidal shape; pri- 
mate growth models have required muhicomponent functions to account 
for the more complicated pattern of growth featured by some primates {van 
Wagenen and Catchpole 1956; Bock et al. 1973; Frochlich, I horington, and 
Otis 1981; Glassman et al. 1984). In some pinniped species (Laws 1953; 
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Fig. 9.3. The male growth curve versus the at^e-specific male mortality curve (mod- 
ified from Clinton and Le Boeuf 1993), showing that there is no direct relationship 
between growth rale and mortality rale. 



Schcffer and Wilke 1953; Carrick, Gsordas, and Ingham 1%2; Bryden 
1972), the male growth pattern also features a growth spurt, and in this 
study of M. anfftsHrostris^ a two-component logistic growth function yielded 
the best model of male growth. In a recent reanalysis of growth studies in 
pikas, mice, and rabbits, W.J. Koops (1986) found that the multicompo- 
ncnt logistic functions provided a ''nearly perfect" fit to longitudinal growth 
data that had originally been modeled with simple exponential functions. 
This raises the question, if growth patterns in mammals are better modeled 
with more complex functions, then why have simple exponential functions 
provided realistic and reliable models for so many studies? Koops suggests 
that part of the reason is the difficulty in collecting the data needed to dis- 
tinguish the number of growth phases. Also, the simple exponential func- 
tions have fitted growth data well enough to model growth in species other 
than those with large, obvious growth spurts. In pinnipeds, where large size 
is strongly favored, selection for high growth rates in males appears to have 
accentuated the differences between growth phases by increasing the rates 
at the peak periods of growth during later stages of B;n)wth. 

At 4 years of age, the timing of the growth spurt in northern elephant 
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seals coincided with the age when age-spedfic mortality rates were at their 
lowest over the life span of males (fig. 9.3). The high growth rate during the 
growth spuxrt does not appear to affect survival of males. Instead, the rela- 
tionship between the life history of males and growth rates indicates that 
high growth rates occur when the energetic costs of growth may be at their 
lowest. Growth rates are very high during nursing, when the pup is pro- 
vided milk with a very high energy content by the mother (Ortiz, Costa, 
and Le Boeuf 1978). The high growth rates from 3 to 5 years of age coin- 
cide with the period in the annual cycle of males that has short periods of 
fasting onshore during the fall and, conversely, longer periods of foraging at 
sea. By the ages when males begin to fast for long periods during the breed- 
ing season, the growth rate has diminished. Thus, increased growth rates 
coincided with periods when the increased energetic costs of higher growth 
rates were more likely to be matched by increased feeding rates. Thb result 
is surprising, since higher growth rates have been reasonably assumed to be 
a costly disadvantage large male size, which is thought to be favored by 
sexual selection and opposed by increased mortality. Such an effect is not 
likely in northern elephant seals. The period when males ought to be most 
exposed to the survival disadvantages of high growth rates is in (act a 
period of low mortality, and the level of natural selection b at a low point 
during this period. Instead, the highest mortality among males occurs at 
the ages after growih has ended. Selection mostly takes place on males that 
have attained full size. Thus, the size attained during growth would be the 
character potentially affected by selection rather than the growth rate. 

REFERENCES 

American Society of Mammalogists. 1967. Standard measurements of seals. Jnuno/ 

of Mammalogy 48: 459-4G2 
Bock, R. D., H. Wainer, \. Petersen, D. Thissen, J. Murray, and A. Roche. 1973. A 

parameterizaiion for individual human growth curves. Human Biology 45: 63-80. 
Bogin, B. 1988. Patterns of Human Growth. Cambridge: Cambridge University Press. 
Brody, S. 1945. Bioenergetics and Growth. New York: Hafher Publishing Company. 

Reprinted 1968. 

Bryden, M. M. 1972. Growth and development of marine mammals. In FwuHo m I 
Anatomic of Marine Mmmds, ed. R. J. Harrison, l->79. London: Academic Press. 

Galder, W. A., III. 1984. Skf» FMkm, and L^t-Historjf. Cambridge: Harvard Uni- 
versity Press. 

Carrick, R., S. E. Csordas, and S. E. Ingham. 1962. Studies on the southern 
elephant seal, Mirounga leonina (L.). IV. Breeding and development. CSIRO Wild- 
life Research 7: 161-197. 

Case, T. J. 1978. On the evolution and adaptive significance of postnatal growth 
rates in the tmestrial vertel»rates. Qfuartedy Rmm of Budogy 53: 243-282. 

Clinton, W. L. 1990. Sexual selccticm and life history of male northern elephant 
seals. Ph.D. dissertation. University of Cali&rnia, Santa Cruz. 



Copy [iLj[, ted matBrial 



168 



BEHAVIOR AND LIFE HISTORY 



Clinton, W. L., and B. J. Le Boeuf. 1993. Sexual selection's effects on male life his- 
tory and the pattern of male mortality. Ecology 74: 1884-1892. 

Dcutsch, C. J., M. P. Haley, and B. J. Le Boeuf. 1990. Reproductive effort of male 
northern elephant seals; Estimates from mass loss. Canadian JounuU of Zooiogy 68: 

2580-2593. 

Fitzhugh, Jr., H. A. 1975. Analysis of growth curves and strategies for altering their 
shape. Journal of Animal Science 42: 1 036- 1 05 1 . 

FroeUicli, J. W., R. W. Thorington, Jr., and J. S. Otis. 1961. The demography 
of howler monkeys {Alouatta palUata) on Bairo Colorado Island, Panama. Iniema- 
imalJamuU ofFrimatohgy 2: 207-236. 

Gallant, A. R. 1987. NonUmar StatUtkal Modtb, New York: John Wiley and Sons. 

Classman, D. M., A. M. Coelho, Jr., K. D. Carey, and C. A. Bramblctt. 1984. 
Weight growth in savannah baboons: A longitudinal study &om birth to adult- 
hood. Growth 48: 425-433. 

Harrison, G. A., J. M. Tanner, D. R. Pilbeam, and P. T. Baker. 1988. Human Biol- 
ogy. 3d ed. Oxford: Oxford University Press. 

Innes, S., R. E. A. Stewart, and D. M. Lavigne. 1981. Growth in Northwest Atlan- 
tic harp seals, Phtea groelandica. Journal of Zoology, London 194: 1 1-24. 

Koops, W.J. 1986. Multiphasic growth curve analysis. Gmt^ 50: 169-177. 

Laws, R. M. 1953. The elephant seal (Mirounga Uonma, Linn.). L Growth and age. 
FalkUmd Isimb Dependencus Sumy, Seuntific R^wrts 8: 1-62. 

Le Boeuf, B. J. 1974. Male-male competition and reproductive buoocm in elephant 
seals. American Zoologist 1 4: 1 63- 1 74. 

Le Boeuf B. J., and J. Rritrr. 1988. Lifetime reproductive success in north- 
ern elephant seals. In Reproductive Success, ed. T. H. Glutton-Brock, 344—362. Chi- 
cago: University of Chicago Press. 

O'Connor, R. J. 1984. The Growth and Development of Birds. Chichester: John Wiley 
and Sons. 

Ortiz, C. L., D. Costa, and B.J. Le Boeuf. 1978. Water and energy flux in dephant 
seal pups fiuting under natural omditions. l^titskUgual Zoology 51: 166-178. 

Ralls, K., R. L. Brownell, and J. Ballou. 1980. Differential mortality by sex and age 
in mammals, with specific reference to the sperm whale. Report of Uu Inkmathnal 

IVhalin^ Commission Special Issue 2: 233-243. 

Richards, F J. 1959. A flexible growth function for empirical uat. JonmtU of Ex- 
perimental Botam 10: 290-300. 

SAS Institute. 1985. SAS User's Guide: Statistics. Ver. 5. Gary, N.G.: SAS Institute. 

Schefier, V. B., and F. Wilke. 1953. Relative growth in the northern fur seal. Growth 
17: 129^145. 

SiUy, R. M., and P. Calow. 1986. Phyaobgical Eeokgy of Animals. Oxfbnl: Bkckwell 

Scientific Publications. 
Tanner, J. M. 1951. Some notes on the reporting of growth data. Hnmm BioU^ 

23: 93. 

Trivers, R. L. 1985. SocuU Evolution. Menlo Park, Calif.: Bcnjamin/Cummings Pub- 
lishing Company. 

van VVagenen, G., and H. R. Gatchpole. 1956. Phvsical growth of the rhesus mon- 
key {Macaca mulattaj. American Journal of Physical Anthropology 14: 245-273. 



Copyrighted matBrial 



TEN 



Sex- and Age-Related Variation 
in Reproductive Effort of Northern 

Elephant Seals 

CharUsJ, Deutseh, Darnel E, Crocker, Darnel P, Costa, and 

BumeyJ, Le Boeuf 



ABSTRACT. The aim of this study was to determine how reproductive effort (RE) 
varies with age and sex in the northern elephant seal, Mifounga angustintim, RE is 
an important feature of life history that links the projdmate costs with the fitness 
costs ofreproductioa. Percentage of mass lost over the breeding season provided an 
energetic index of RE because both sexes fast on the rookery. We summarize re- 
search oimducted over an 1 1 -year period at Ano Nuevo, California. Seventy-three 
females ranging in age from 3 to 1 2 years were chemically immobilized and weighed 
during the lactation period, providing 22 measurements of maternal mass loss. 
Males ranging in age from 5 to 13 years were weighed (N = 56), or their mass was 
estimated using a photogrammetric technique (N = 94), yielding 87 measurements 
of breeding mass loss. 

The principal findings were as follows. /. The magnitude of RE was similar be- 
tween males and females. Adults of both sexes lost slightly more than one-third of 
their mass, on average, despite laige sex differences in reproductive strategy and 
body size. Adult males were an average of 1.4 times loiter and 3 to 4 times heavier 
(mean ±SDs 1,814 ± 233 kg, range - 1,430-2,550 kg) dian adult females (488 ± 
80 kg, range — 360-710 kg) at the start of the breeding season. Male mating effort 
was more variable than female parental effort, and some bulls lost up to half of their 
arrival mass. The timing and intensity of RE differed between the sexes: males fasted 
three limes longer than females, but they incurred less than one-third the mass-specific 
mass loss rate of females. Malc^ suffered vastly more external injuries from conspecifics 
tiian did females, yet females were probably at greater ride of receiving life-threatening 
internal injuries. 2, Female effi^ during lactation was not correlated with maternal age 
or mass, but gestation effixt (i.e., relative neonatal mass) declined vnth increasing 
maternal mass. Absolute measures ofmvestment in ofipring — including maternal mass 
loss, neonatal mass, weanling mass, and pup mass gain — were directly proportional to 
maternal mass, which increased from 3 to 6 years of age before reaching an asymptote. 
Maternal investment in sons was similar to that in daughters. 3. Males delayed serious 
efforts at mating until age 6, two to three years later than females but still physically 
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immature, and mean RE was subsequently constant with age. Dominant males devoted 
a greater proportion of body stores to breeding and obtained higher mating success than 

did subordinates. 

The similarity in RE of growing "subaduhs" and physically mature breeders tor both 
sexes was contrary to theoretical expectations, considering the poorer reproductive 
success and higher fitness costs ol the former. Possible explanations include the existence 
of a threshold RE bdow which fitness costs are minimal, the higher fitness benefit of 
early-bom ofipring in an expanding population, and the benefit of experience to fiiture 
reproductive perfbrmance. 

One caity in effect, treal the sexes as if they were different species^ the opposite sex being a 
restmeereUvanttofntHlucing maximum surviving offspring. — R. L. Trims (1972) 

Males and females reproduce in fundamentally different ways, and the re- 
sulting divergent selective pressures have led to numerous sex differences 
in morpholoE^y, physioloejy, life history, and behavior (Trivers 1972, 1985; 
Glucksman 1974; Cluilon-Brock, Guinness, and Albon 1982). A crucial 
aspect of mammalian life history that has rarely been compared quantita- 
tively across the sexes is reproductive effort (RE). Typically defined as the 
proportion of available lime and energy that an organism allocates to repro- 
duction over a specified period of time (Gadgil and Bossert 1970; Hirshficld 
and Tinkle 1975; Tuomi, Hakala, and Haukioja 1983), RE also includes a 
component of risk that is important but more diflicult to quantify (Calow 
1979; Warner 1980). Reproductive effort can be divided into two categories: 
mating effort, which involves expenditure of time, energy, or risk to obtain 
matings (e.g., searching for mates, fighting for dominance or territory 
necessary for access to mates); and parental effort, which involves such ex- 
penditure to produce, nurture, and raise offspring (Low 1978). Herein lies a 
major difference between the RE of males and of females. In the majority of 
mammals and in most polygynous species, males exhibit little or no paren- 
tal care, so that virtually all male R£ is mating effiirt (Alexander and Bor- 
gia 1979). In contrast, females invest considerably in their yoimg, especially 
in mammals, which exhibit extended postnatal care and nurture offspring 
via the energetically expensive process of lactation (see Loudon and Racey 
1987). Consequently, the selective pressures that have shaped the pattern of 
RE should differ between the sexes. Female RE is thought to have evolved 
primarily in response to ecological and demographic factors, whereas 
the evolved pattern of male RE has apparently been strongly influenced 
by the mating system and the intensity of male-male competition for mates 
(Trivers 1972; Warner 1980; ThomhiU 1981). 

The principal reason for the paucity of empirical studies contrasting 
male and female RE in polygynous vertebrates is that male mating effort 
has been neglected (Steams 1976; Warner 1980; Gittleman and Thompson 
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1988). Furthermore, sex differences in energy intake during the breeding 
season and in risks associated with reproducing (e.g., Ryan 1985) often 
make it difficult to measure R£ in a comparable way for each sex (Knapton 
1984). Ideally, one would study a species in which breeding is temporally 
separated from foraging and other activities related to growth and survival. 
Then essentially all activity would serv e a reproductive function, all energy 
expended above maintenance levels would be devoted to reproduction, and 
enei^ intake would be nil or absent. Such conditions are found in some 
phocids, such as elephant seals and gray seals, in which both sexes fast and 
remain on land during the breeding season, relying on stored energy re- 
serves to fuel their metabolic and reproductive needs. Studies on phocid re- 
productive eneiigetics were initially conducted on females and pups due to 
their smaller size, greater site predictability, and relevance of the work to 
parental investment theory (Fedak and Anderson 1982; Ortiz, Le Boeuf, 
and Costa 1984; Stewart and Lavignc 1984; Costa et al. 1986; Stewart 1986; 
Bowen, Boness, and Oftedal 1987; Hill 1987; Tedman and Green 1987; 
McCann, Fedak, and Harwood 1989; Kovacs, Lavigne, and Innes 1991; 
Hammill et al. 1991; Bowen, Oftedal, and Boness 1992; Fedak et al., this 
volume; see review by Oftedal, Boness, and Tedman 1987). Logistic dif- 
ficulties involving the capture and weighing of large, aggressive, and mobile 
animals have hindered research on male reproductive energetics in pin- 
nipeds until recently (Anderson and Fedak 1985; Reilly 1989; Deutsch, 
Haley, and Lc Boeuf 1990; Boyd and Duck 1991; Rcilly and Fedak 1991; 
Twiss 1991; Bartsh, Johnston, and Sinifi' 1992; Fedak ct al., this volume; 
Walker and Bowen, in press). 

We studied sex- and age-related variation in reproductive effort of the 
highly polygynous and sexually dimorphic northern elephant seal, M. angus- 
tirostris. in central California. Sex differrn( rs in life history and behavior are 
numerous in this species (see Le Boeul 1981; Le Bf)euf and Reiter 1988; Le 
Boeuf and Laws, this volume). Age at primiparity ranges from 2 to 6 years, 
with most females initially giving birth at age 3 (36%) or age 4 (54%) at 
Ano Nuevo (Reiter and Le Boeuf 1991). Females produce one pup annually 
thereafter, with occasional skipping (Hubcr 1987), until death at a max- 
imum age of 19 years. Male growth is extended by two to tlirer years, and 
reproduction is delayed compared to females. Males attain sexual maturity 
by age 5 and rarely skip breeding seasons subsequently (Clinton 1990); yet 
due to intrasexual competition, most do not mate until physical maturity 
at age 8 or 9 (Clinton, this volume), five years later than the age of first 
mating for most females. The maximum life span recorded for a male is 
14 years. 

Considerable interest in optimal life histor>' theory has focused on iden- 
tifying the age-specific pattern of reproduction that maximizes fitness for 
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a given set of demographic conditions and constraints (see Gharlesworth 

1980). Assuming that reproduction imposes a cost, measured as a reduction 
in future fitness (BeU 1980; Bell and Koufopanou 1985), there should be a 
level of RE at each age that optimizes trade-offs between current and future 
reproduction (Williams 1966a, 19666; Gadgil and Bosscrt 1 970; Pianka and 
Parker 1975). A frequently asserted prediction is that R£ should increase 
with age as residual reproductive value declines; that is, since older indi- 
viduals generally have less to lose in terms of future offspring than younger 
ones, investment should be high late in life (Williams 19666; Gadgil and 
Bossert 1970; Pianka 1976; Caswell 1982). This trend is favored by low 
peculation growth rate, low extrinsic adult mortality rate, and continuous 
increase in body size or reproductive efficiency during adulthood (Charles- 
worth 1980). The opposite conditions theoretically favor a decline in RE 
with age. In rapidly expanding populations, for example, breeding should 
occur as soon as physiologically pK>ssible (Lewontin 1965; Cody 1971; 
Steams 1976), and young adults should exhibit the greatest effort (Charles- 
worth and Leon 1976). Though studies on this point among long-lived 
birds and mammals are few, there is some empirical support for increasing 
(Clutton-Brock 1984; Pugesek 1981, 1983, 1984; Hamer and Fumess 1991; 
Part, Gustafsson, and Nforeno 1992; but see Nur 1984), decreasing (Stewart 
1986), and constant (Rcid 1988) R£ with age; other studies have yielded 
mixed results (Green 1990). 

The expected ontogenetic pattern of resource allocation to reproduction 
must be considered separately for each sex. Reproductive value of female 
northern elephant seals declines gradually from primiparity to age 1 1 and 
then drops steeply to the end of the life span (Reiter and Le Boeuf 1991), 
suggesting that the fitness cost of reproduction should also decrease with 
age, especially among the oldest animals. Weaning success increases with 
age and experience, particularly from se.xual maturity to physical maturity 
at age 6 (Reiter, Panken, and Le Boeuf 1981; Reiter and Le Boeuf 1991; 
Sydeman et al. 1991). I his combination of rising benclils and declining 
potential costs of breeding with age suggests that maternal effort should in- 
crease with age. However, the current high population growth rate (Cooper 
and Stewart 1983; Stewart et al., this volume) enhances the fitness value of 
early-bom ofispring relative to those bom later in life, and this will favor 
high efibrt early in life. Given these opposing forces, it is difficult to predict 
how female RE should change with age, although we expect a high terminal 
investment when residual reproductive value is low (i.e., >10 years old). 
Since, natality rate is high and relatively constant with age after the initia- 
tion of reproduction (Le Boeuf and Reiter 1988; Huber et al. 1991), our 
study focused on the RE of parous females and did not consider the fre- 
quency of barren years. 
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For male elephant seals, sexual selection is likely to have shaped the age- 
specific pattern of R£. Intense intrasexual competition among males in 
highly polygynous species should favor a lifetime mating strategy involving 
little investment when young and a high mating eflfort after attaining a re- 
productively competitive size (Warner 1980; Maher and Byers 1987). Male 
elephant seals have a relatively short effective breeding life span (age 8-13), 
with mating success rising precipitously on reaching physical maturity (Lc 
Boeuf and Reiter 1988; Clinton and Le Boeuf 1993). Since subadult males 
are growing, any allocation of time and energy to reproduction might re- 
duce their growth rate (e.g., Green and Rothstein 1991), final adult size 
(e.g., Boyce 1981), and, hence, future fecundity. Therefore, we predicted 
that male mating effort should be low during the subadult period (age 4-7) 
when the fitness benefit of reproductive investment is nil and potential 
costs are high and that effort would increase abrupdy at adulthood when 
bulls are able to fight effectively for high dominance rank and access to 
mates. Contrary to expectation, C. J. Dcutsch, M. P. Haley, and B.J. Le 
Boeuf (1990) found that older subadults (6-7 years old) expended the same 
RE (i.e., percent mass loss) as low-ranking adult males. 

In this chapter, we compare reproductive effort between male and female 
northern elephant seals as indicated by mass loss while breeding (energy 
component), duration of stay on the rooker> (time component), and inci- 
dence of external injuries (risk component). Our objectives are to: (1) 
summarize existing data on body mass as a function of age for both sexes, 
much of which is currently unpublished or scattered across a number of 
publications; (2) compare the magnitude of male mating effort with female 
parental effort, in terms of relative mass loss, time commitment, and ap- 
parent risk; and (3) describe age-specific patterns of R£ for both sexes and 
relate them to changes in reproductive success and mortality with age. 

METHODS 

General Methods and Study Area 
The studies summarized here were conducted from 1981 to 1991 at Afio 

Nuevo State Reserv e, 70 km south of Saii Francisco, California. Most work 
was done on the cxj^anditig; niaiiiland colony (sec Le Boeuf and Kaza 1981 
for a description of the area), which increased over tlie study period from 
300 to 1,500 breeding females distributed among 8 to 16 harems. The 
annual maximum in number of sexually mature males present on the Ano 
Nuevo mainland during the breeding season (December to March) fluctu- 
ated between 300 and 500, of which about one- third were adults. Indi- 
viduals were identified over the course of the breeding season by applymg 
cream bleach or black hair dye to the pelage. Numbered plastic tags placed 
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in the webbing of the hind flippers provided infonnation on age and per- 
mitted identification of individuab from year to year. 

Exact a^ies were unknown for most males in the study. Males were 
assigned to one of five age classes based on their overall size and on the de- 
velopment of secondary sexual characters (neck shield and proboscis), both 
of which correspond with age to within about one year (Lc Boeuf 1974; Cox 
1983; CHnton 1990): subadult-one (SAl) males = 4 vcars old; subadult-two 
(SA2) = 5 years; subaduh-three (SA3) = 6 years; subadult-four (SA4) = 7 
years; and adult males (AD) = 8-14 years. Most observations concern 
the last three age classes, since there were few SAl and SA2 males present 
during the breeding season. Known-age adult males and those with known 
histories were further classified as either young adult (first- or second-year 
adult, approximately 8-9 years of age) or old adult (at least third-year 
adult, 10 years and older). 

Copulations and dominance interactions amonu; males were recorded in 
the field using standard methods, and the estimated number ol Icmalcs in- 
seminated provided a measure of male mating success (Le Boeuf 1974). 
Dominance ranks of adult males were determined in each year using the 
Bradlcy-Tcrry method (Boyd and Silk 1983: Haley, Deutsch, and Lc Boeuf, 
in press), and these values were used to assign males to one of three rank 
classes. 

Measurernenl oj Body Mass and Mass Loss 
Females, One or more weights were obtained on 73 females and their 
pups near the beginning and/or the end of the female's lactation period. 
Sixty-one mothers were of known age, ranging from 3 to 12 years old. The 
sample includes female-pup pairs weighed during the course of studies on 
diving behavior (Le Boeuf ct al. 1986, 1988, 1989) and reproductive ener- 
getics (Costa et al. 1986; Crocker 1992; D. Costa and B. Le Boeuf, unpubl. 
data). An additional 18 pups were weighed within three days of birth and 
again within six days of weaning, 1 7 of whose mothers were of known age 
(Kretzmann 1990; Kretzmann, Costa, and Lc Boeuf 1993). The 91 mother- 
pup pairs included 9 females that were experimental subjects in two or 
more years, giving a total of 79 different females. After chemically immobi- 
lizing a lactadng female, she and her pup were weighed with a tripod scale 
(accurate to ±2.5 kg) and standard length measurements were taken 
(Costa et at. 1986). For the energetic studies, 22 different female-pup pairs 
were weighed 0 to 5 days postpartum, and the procedure was repeated 
an average of 21.2 ± 2.0 days later (range = 18-25 days), within a few days 
of weaning. Methods are given in more detail in D. P. Costa et al. (1986) 
and D. E. Crocker (1992). Data on energy expenditure, body composition, 
and milk intake are presented elsewhere (Ortiz, Le Boeuf, and Costa 1964; 
Costa et al. 1986; Crocker 1992; Kretzmann, Costa, and Le Boeuf 1993). 
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Females that abandoned or lost their pup after experimental manipula- 
tion (N = 5), or who regularly nursed more than one pup (N = 2), were ex- 
cluded from calculations of maternal mass loss, departure mass, lactation 
duration, pup mass gain, and pup mass and lengdi at weaning. 

Males. Body mass was obtained or estimated for 140 different males 
(n^ 247 measurements of mass) ranging in age from 5 to 13 years and in 
dominance status from low-ranking to alpha male. Estimates daily and 
seasonal mass loss are presented for 82 males (n = 87 measurements) and 
71 males (n = 75 measurements), respectively. The data on male body mass 
come from two studies* 

1. In 1988 and 1989, 56 males were weighed on a platform scale (accu- 
rate to + 0.25%), yielding 95 weights and 30 measures of breeding 
mass loss over a mean±SD interval of 32.7 ± 18.7 days (range = 
9-83 days). One male was anesthetized; the rest were cither lured 
onto the scale using a model of a female elephant seal and playback 
of female vocalizations or moved onto the scale using tarpaulins and 
playback of male threat vocalizations. Details of weighing methods 
and results appear in Deutsch, Hairy, and Lc Boeuf (1990). 

2. Body mass was eslimaied for an additional 94 males at the start and/ 
or the end of the 1989 breeding season using a piiotogrammctric tech- 
nique that predicts mass with a 95% confidence interval of ±14% 
(r2 = .93; Haley, Deutsch, and Lc Boeuf 1991). This provided 152 
estimates of mass and 57 measures of mass loss over a mean interval 
of 58.0 ± 13.3 days (range = 42-96 days) (Deutsch 1990). 

Since there were no significant dilicrcnces in daily or seasonal mass loss 
(absolute and mass-specific) ot males between the direct weighing and 
phoiogrammetric methods (t-tests for each age class. p> .05), the two data 
sets were pooled for presentation here. Photogrammetric estimates of adult 
male body mass at arrival and departure were significantly greater, how- 
ever, than were the extrapolated figures based on direct measurements (ar- 
rival: 1,851 ± 236 vs. 1,7 10 ± 200 kg, t = 2.09, df=61, p < .05; departure: 
1,227± 144 vs. 1,098± 115 kg, t = 3.72, df = 75, p<.001). This probably 
refiects the fact that large, high-ranking males (which were difficult to 
weigh) comprised a greater proportion of the photographic data set than 
the direct weight data set. The two methods of measuring mass did not dif- 
fer significantly for SA3 males (p>.05), but phoiogrammetric estimates 
were significantly greater than direct estimates for SA4 males (arrival: 
1,539±234 vs. 1,274±140 kg, t = 2.26, df=ll, p<.05; departure: 
1,106± 158 vs. 870± 107 kg, t = 3.81, df= 18, p<.01). This mass differ- 
ence was apparendy not due to a methodological discrepancy, because the 
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photographic sample of SA4 males was indeed larger in standard length 
than the weighed sample (p< .05). Standard length was measured photo- 
grammetrically in both studies (Haley, Deutsch, and Le fioeuf 1991). 

Incidence of Injuries 

Injuries provide one index of risk taken in reproduction because they repre- 
sent the degree to which the animal was exposed to potentially damaging or 
lethal interactions while reproducing (Deutsch 1990; Le fioeuf and Mesnick 
1991). Wounds can get infected and, if severe, can reduce fecundity (e.g., 
Clutton-Brock et al. 1979; Lc Boeuf, Riedman, and Keyes 1982) or lead to 
death (e.g., Laws 1953; Wilkinson and Shank 1976). The incidence of exter- 
nal injuries was measured by recording the number, location, and severity 
of fresh wounds on males (1989) and females (1991) during the main mat- 
ing period in February. Wounds were considered fresh if they were open, 
bleeding, or oozing and thus represented rcreni injuries. This analysis was 
limited to injuries inflicted by conspcciiics and excluded shark-inflicted 
wounds. 

Data Analysis 

V^alues ol body mass arc presented at arrival (or parturition for females) 
and departure dates to standardize comparisons across ages and sexes. 
Only direct measurements of mass and breeding mass loss are used in the 
sex comparison. Descriptive statistics are presented as mean ± one standard 
deviation (SD). For nine females and nine males that were sampled in two 
or more years, mean values of size, mass change, and other variables were 
calculated for each individual; these values were then used in the calcula- 
tion of overall means by sex or age class (e.g., table 10.3). For correlations 
between RE variables and size or age, however, each measurement was 
treated as an independent data point (e.g., table 10.4). In these analyses, 
P-values were determined after reducing the degrees of freedom to equal 
the number of individuals (rather than measurements) in the sample minus 
the number of estimated parameters (see Sydeman et al. 1991). The level of 
statistical s^ificance was set at a = .05 for all tests. 

Measures of the effort devoted to reproduction (e.g., mass loss, pup mass 
gain) are presented here in absolute and mass-specific terms as a function 
of age and sex. RE should be expressed as a fraction of the organism's abil- 
ity to invest (e.g., proportion of energy stores or body mass). However, 
since proportions can sometimes be misleading when the dependent vari- 
able varies allometrically with body mass (Packard and Boardman 1987), 
we adjusted for the potentially confounding effect of body mass on indexes 
of RE using one of three additional methods: (1) analysis of covariance 
(ANCOVA) for comparison of male mass loss by ag^ class and for compari- 
son of maternal investment by sex of pup; (2) partial correlations between 
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Fig. 10.1. Breeding female mas.s ai parturition (solid circles, N = 28) and at depar- 
ture from the rookery (i.e., weaning) (open circles, N = 54) as a function of maternal 
age. Both regressions are significant (p< .0001). The heavier departure mass at age 
12 is a rough esdmate (see footnote c in table 10.3). 



maternal investment variables and age, controlling for female mass; and (3) 
correlation of residuals (from the regression of maternal investment indexes 
against parturition mass) with maternal age. Plots of residuals were in- 
spected visually for homoscedasddty (i.e., constant variance of residuals 
around the regression line), and the normality of residuals was checked 
with the univariate procedure in SAS (SAS Institute 1985). An arcsine- 
square-root transformation was applied to percentages before performing 
parametric statistical tests (Sokal and Rohlf 1961). Descriptions of how 
mass, mass loss, and other variables were calculated are presented in 
appendix 10.1. 

RESULTS 

Sexual Size Dimorphism 
The most striking difference between the sexes in elephant seals is their 
size. At arrival, adult males weighed an average of 3.5 (range = 2— 7) times 
more than adult females (table 10.1; see figs. lO.I and 10.2). Estimates of 
arrival mass for adult males varied from 1,430 kg to 2,265 kg for weighed 
animals and up to 2,550 kg for a photographed animal. Departure mass of 
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Fij^. 10.2. Male mass at arrival (solid squares) and at departure (open squares) 
from the breeding rookery aji a tuncuon of age class. Approximate age in years of 
cadk das* is thown in parentheses. Symbols show the mean (squares), 95% confi- 
dence interval of the mean (hatch msurics), and range; a 95% confidence interval is 
not shown for the SA2 class due to the small sample size. Sample sizes for arrival 
and departure mass, respectively, are as foll<iws: SA2 (N— 1, 2); SA3 (N>* 12, 18); 
SA4 (N s 1 1, 18); Adult (N » 62, 75). 



adult males ranged from 895 to 1,500 kg (fig. 10.2). Female mass at parturi- 
tion (i.e., immediately postpartum) ranged finom 360 to 710 kg, and depar- 
ture mass ranged firom 200 kg to at least 400 kg (fig. 10.1; table 10.3). 
Given that males and females smrive at different times and subsequently 
lose mass until departure, the mass ratio between an adult male and a lac- 
tating female at any given time could range from about 1.5 to 10. However, 
a three- to sixfold dimorphism in mass would be most common for a typi- 
cal copulating pair in early February. 

Standard length (SL) gives a more straightforward measure of sexual 
size dimorphism because it does not fluctuate over the annual cycle as does 
mass. Mean SL of 89 physically mature males measured photognunmetri- 
cally in this study was 382 ± 15 cm (range » 350-420 cm), which is similar 
to the mean of 385 ± 18 cm found by W. L. Clinton (this volume). Physi- 
cally mature females (i.e., 6+ years of age) measured in this study had a 
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mean SL of 265 ±8 cm (range = 248-282 cm, N = 32 individuals). Thus, 
mature males were an average of 1.44 times longer (ranges 1.24^1.69) 
than mature females. 

Both sexes became reproductively active while still growing. Females 
giving birth for the first time at age 3 had attained approximately 75% of 
mature mass (fig. 10.1, table 10.3), whereas 6-year-old males (SA3 class) 
were roughly two-thirds the mass of mature bulls (fig. 10.2, tabic 10.5). The 
cross-sectional data on size and a limited amount of longitudinal data indi- 
cate that females stopped growing in length and mass at age 6 (parturition 
mass = 541 ±58 kg, N = 16, ages 6-12 years) and males reached a physi- 
cally mature size at 8 to 9 years, growing little or not at all in length there- 
after (Clinton, this volume). 

Sex Qm^tarisan of Reproductive Effort 
A comparison of the energedc component (breeding mass loss) and the time 
component (duration of the breeding fast) of R£ for adult male and female 
elephant seals is presented in table 10.1. The most important finding was 
that the mean proportion of mass lost over the breeding season was very 
similar for both sexes (36-37%), suggesting that the energedc component 
of RE while ashore was also similar. A proximate reason for this outcome 
was that the greater intensity of the females' parental effort (i.e., percent 
body mass lost per day) compared to the males' madng effort was balanced 
by a longer duration of stay for males. Duration of the breeding fast for 
adult males was about three times longer than that of females (table 10.1). 
Relative mass loss over the season was significantly more variable for adult 
males (range for weighed animals = 26-46%) than for females (range = 31- 
41%) (variance-ratio test, F = 5.78, df= 12, 21, p<.01). 

Males clearly incurred a much greater risk of external injury than 
females. Nearly 90% of males sun, e\ cd in Fcbruaiy possessed fresh wounds, 
compared to less than 20% of females (table 10.2). The mean number 
of fresh wounds per animal was 20 times greater lor males than females 
(table 10.2); those females with open wounds usually had only one to three 
small cuts. Although most injuries appeared superficial for both sexes, the 
potential for serious injury was reflected in the percentage of seals with 
fresh wounds on the head (including face, nose, and eye), which again was 
significanUy higher for males than females. 

Female Reproductive Ejjort in Relation to Maternal Age, Mass, and Pup Sex 
Energetic measures of the two components of maternal investment — ges- 
tation and lactation — are plotted as a function of maternal age, mass, and 
pup sex in hgure 10.3 and summarized as a function of maternal age in 
table 10.3. 
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TABLE 10.2 Sex difference in the incidence of external injuries during the 

mating season (February). 





MaU 


FmaU 






(N^ 161) 


(N^121) 




% with fresh wounds 


86.3 


16.5 


p<.0001» 


% with fresh head wounds 


17.4 


0.8 


p<.0001* 


# of fresh wounds/animal 






Mean±lSD 


10.2 ±12.1 


0.5 ±1.3 




Median 


6.0 


0.0 


p<.01»» 



■Chi-square test of indepcildeiice. 
''Median two-sample test. 



Effect of Pup Sex on Maternal Investment. Theoretical predictions (May- 
nard Smith 1980) and some empirical studies (e.g., Anderson and fedak 
1987; Oftedal, Iverson, and Boness 1987) indicate that females invest more 
in sons than in daughters in polygynous mammals. Therefore, we initially 
examined the data, using two-tailed t-tests, for differences in the mother's 
size, age, and investment or the pup's size and growth rate as a function 
of pup sex. Of all variables in table 10.3, only percent daily maternal mass 
loss was significandy different between mothers with sons (1.53 ±0.10%, 
N= 10) and mothers with daut^htcrs ( 1 .43 ± 0. 10%, N = 12; t = 2.43, df= 
20, p = .025). Absolute mass loss per day did not vary significantly with sex 
of the pup (t = 0.71, df= 20, p= .48); after adjusting for the effect of mater- 
nal parturition mass, however, mothers of male pups showed a higher mass 
loss rate than mothers of female pups (ANCOVA: F = 5.34, df=l. 19, 
p = .032). This finding is not consistent with our other results because none 
of the other t-tests revealed a significant effect of pup sex on maternal in- 
vestment (e.g., total mass loss, pup growth rate); analyses of covariance on 
the nine other absolute measures of maternal investment in table 10.3, with 
parturition mass as the covariate, confirmed these results i'p>.10 for all 
tests). Furthermore, recent studies have shown a lack of dillerential invest- 
ment in sons versus daughters in both northern and southern elepihant seals 
(McCann, Fcdak, and Harwood 1989, Lv B(h uI, Condit, and Kciici 1989; 
Campagna et al. 1992; Kretzmann, Costa, and Lc Boeuf 1993; Fedak et al., 
this volume). Our interpretation is that this one signihcant result was prob- 
ably due to chance, since one comparison is expected to be significant at the 
p = .05 level when over 20 tests are performed simultaneously. None of the 
slopes defining the linear regressions of maternal investment variables on 
maternal mass varied significantly with pup sex (general linear models, 
p> .25), but the correlation coefficients were usually lower for sons than for 
daughters, as reflected in the greater scatter of points among small mothers 
of sons (see fig. 10.3c, g, i). T. S. McCann, M. A. Fedak, and J. Harwood 
(1989) made a similar observation for the southern elephant seal. We con- 
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dude that the results do not support the hypothesis that maternal effort 
varies as a fiinction of pup sex. Therefore, further analyses use the pooled 
data set. 

Gestation Effort: Pt^ Mass at Birth, Pup birth mass increased signif- 
icantly with maternal mass and age (fig. lO.Se, f; table 10.4). Maternal in- 
vestment during the period of gestation, as indicated by pup birth mass 
expressed as a iiraction of mother's parturition mass, declined significandy 
with increasing maternal mass (y = 1 1 .44 — 0.0075x) and maternal age 
(y — 9.36 - 0.234x) (tables 10.3 and 10.4). A similar negative relationship 
between relative neonatal mass and maternal mass is also found in inter- 
specific comparisons among phocids (Kovacs and Lavigne 1986) and in 
Other mammals (Millar 1977; Robbins and Robbins 1979; Gittleman 1986). 
Due to their smaller size, young mothers (3-5 years) put forth a greater 
gestation effort (pup birth mass was 8.64 ± 1 .28% of maternal mass, N = 8) 
than physically mature, older mothers (7.43 ±0.63%, N= 16; Wilcoxen 
two-sample test, 2*2.358, p<.05). Maternal age had no significant effect 
on pup birth mass, however, after accounting for the effect of maternal 
body mass (table 10.4). Analyses of pup mass at initial treatment (0-5 days 
postpartum) yielded similar results, although the relationship with age 
appeared more asymptotic. 

Laetatum Effort: Maternal Mass Loss. Daily mass loss of lactating females 
was stron^y and positively correlated with parturition mass and, to a 
weaker degree, with female age (fig. 10.3a, b; table 10.4). This reflects both 
increased absolute maintenance costs and increased mass transfer to the 
pup with larger maternal size (maternal mass loss per day vs. pup mass 
gain per day: r= .73, N = 22, p< .0001). Independent of maternal mass, 
age was not significandy correlated with rate of mass loss during lacution 
(table 10.4). 

Total mass loss over the lactation period increased with female mass and 
age in a similar fashion (fig. 10.3c, d; tabic 10.4). Total percentage of body 
mass lost over lactation, our principal index of female reproductive effort, 
varied between 31 and 41% and showed no significant correlation with 
maternal mass or age (table 10,4, fig. 10.4). Partial correlation and residual 
analyses yielded the same results: age had no discernible effect on breeding 
mass loss alter controlling for the effects of maternal mass (table 10.4). 

<3 

Fig. 10.3. Absolute measures of maternal investment as a function of female par- 
turition mass and age for male (closed circles) and female (open circles) pups. {A, 
B) Average dailv mass loss of mother. (C, D) Total mass loss of mother over lacta- 
tion period. [E, F) Pup mass at birth. (6', //) Pup mass at weaning. (I,J) Average 
daily mass gain of pup. All units of mass arc in kg. See table 10.4 for sample sizes, 
correlation coeiiicients, and levels of significance. 
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Female Age (yrs) 

Fig. 10.4. Percentage ol female parturition mass lost over the lactation period as a 
function of maternal age (r = .04, N = 19, p = .87). 



LacUUioa Effort: Pup Mass Gain. Mass gain of pups provided another 
energetic index of maternal investment (e.g., Ortiz, Le Boeuf, and Costa 
1984). Pup mass gain per day and over the entire lactation period rose sig- 
nificantly with female mass and age (fig. 10.3i, j; table 10.4). Once again, 
maternal age had no apparent effect on mass gain of pups after adjusting 
for maternal mass (table 10.4). 

On average, pups gained 57.5% of the mass lost by their mothers (table 
10.3). We expected that the efficiency of mass transfer would increase with 
maternal size since a female's mass-specific energy expenditure for main- 
tenance metabolism (i.e., her "metabolic overhead," Fedak and Anderson 
1982) should decline with increasing mass. Thus, a larger mother should be 
able to allocate more energy to milk production and relatively less to her 
own mainienanre costs. The data did not support this prediction; in fact, 
there was a nonsignilicant tendency in the opposite direction, with younger 
mothers being somewhat more efficient (tables 10.3, 10.4). 

Lactation Duration. Duration of the lactation period averaged 25 to 26 
days and was positively correlated with maternal mass (table 10.4). Mean 
lactation duration increased from age 3 to 5 and then remained approx- 
imately constant among older females (table 10.3). Chemical immobiliza- 
tion of the female near the end of lactation sometimes triggered a premature 
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departure, and so these figures may be biased slightly low (1-2 days at 
most). The relationship between duration of stay and age was generally 
similar to that found by J. Reiter, K.J. Panken, and B.J. Le Boeuf (1981). 
A comparison of experimental and control groups matched for maternal 
age, year of study, and breeding site showed no significant effects of ma- 
nipulation on lactation duration or weanling mass (D. Crocker and B. Le 
Boeuf, unpubl. data). 

There was an inverse relationship between the duration and intensity of 
female R£. Mothers that lost mass at a high daily rate, relative to their 
body size, nursed their pups for a significantly shorter period compared to 
those with a less intense maternal effort (partial r = —0.50, N = 22, p < .025, 
controlling for parturition mass). 

Total Maternal Investment: Weanlinjj Ma'is. A pup's mass ai weaning indi- 
cates the mother s total absolute invcsimeni in the young, the sum ot birth 
mass f>iiis mass gain during the nursing period. Weaned pup mass in- 
creased significantly with maternal mass (fig. lO.lig) and with maternal age 
up to 6 years (fig. 10. 3h, table 10.4). At weaning, pups weighed a mean of 
27.2% of mother's parturition mass (range = 20-31%, plus one outlier of 
40%), and this was not significantly associated with maternal ajEje (table 
10.4). Likew ise, controlling for the effect of maternal body mass on wean- 
ling mass with partial correlation and residual analyses demonstrated no 
effect of age independent of maternal mass (table 10.4). Hie outlier men- 
tioned above may reflect milk stealing by the pup, a behavior that con- 
founds measurements of maternal investment that rely on pup energy gain 
(see appendix 10.2). 

Summary: Effects of Maternal Mass, Age, and Pup Sex on Female RE. Larger 
mothers invested absolutely but not relatively more in offspring during 
lactation than smaller mothers. Female RE during gestation, as reflected in 
relative neonatal mass, was negatively correlated with maternal age and 
mass. Changes in absolute measures of maternal investment with age 
generally tracked age-speciffc changes in body mass, increasing from age 3 
to 6 and then reaching a plateau. Age had no discernible effect on any in- 
dex of female R£ (including gestation and lactation components) when the 
effect of maternal mass was controlled statistically. With the exception of 
female mass loss rate, all other indexes of maternal investment did not vary 
significantiy with pup sex. 

Male HepnducUve Effort in Rtlation to Age, Mass, and Dominance Rank 
For all ages combined (N » 71 individuals), male elephant seak lost a mean 
of 0.37 ±0.08% of their arrival mass per day and 33.1 ± 7.0% of their 
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mass over the three-month breeding fast. Daily and seasonal mass loss in- 
creased significantly with hocK mass at arrival (r, = .78, N = 75 measure- 
ments, p<.0001; r, = .82, N = 75, p<.0001, respectively), with standard 
length (rs = .65, N = 87, p<.0001; r, = .61, N= 75, p<,0001, respective- 
ly), and with age class (table 10.5), as expected. On a mass-specific basis, 
however, breeding mass loss was weakly correlated with body mass (daily: 
r, = .21, N = 75, p=.08; seasonal: rs = .31, N = 75, p<.01) and was not 
correlated with length (daily: r, = .04, N = 75, p = .7l; seasonal: rs=.05, 
N = 75, p = .71) or age (table 10.5). The lack of an age effect for SA3 and 
older classes was confirmed with an ANCOV A that showed no significant 
age-related variation in daily mass loss (F= 1.335, df=2, 67, p=.27) or 
seasonal mass loss (F = 1.694, df= 2, 67, p = .19) when controlling for the 
effect of arrival mass; similar results were obtained using length as the 
oovariate. Note that the above positive correlations between measures of 
mass loss and arrival mass are probably inflated due to the autocorrelation 
of measurement errors (i.e., an overestimate of arrival mass would cause an 
overestimate of both absolute and relative mass loss). Length was measured 
with greater accuracy than mass and showed no correlation with daily or 
seasonal R£ (i.e., percent mass loss). 

The mean duration of stay at the Ano Nuevo rookery was 91.0 ± 10.9 
days (ranges 51-109, N = 71, excluding the SA2 male) and did not vary 
significandy with age among the SA3 to adult classes (tabic 10.5). This 
value may be somewhat high because our sample was probabK biased 
against seals that departed early and were therefore less likely to be 
weighed or photographed a second time. There is no reason to believe that 
such a bias would vary with age class; (llinton (this volume) showed that 
average breeding haul-out duration remains fairly constant from age 6 
onward. 

There is a dramatic increase in male matinu; effort from 4 to 6 years of 
age, as demonstrated by the following behavioral measures: increasing 
duration of stay on the rookery; shifting of the haul-out period so that it 
overlaps the cstrous period; and increasing time spent in proximity to 
harems (Cox 1983; Clinton 1990; Deutsch 1990; see fig. 9.1, chap. 9). Only 
one pubescent male (SA2 class) was weighed in this study, and he lost 27% 
of his mass over a 60-day period (tabic 10.5). MultipK ing the average haul- 
out duration for the SA2 class (Clinton 1990: a minimum mean of 27 ± 20 
days, N = 53; Deutsch 1990: mean of 56 ±12 days, N = 6) by the mass- 
specific rate of mass loss for the weighed SA2 male (table 10.5) yields an 
estimate of 12 to 25% of arrival mass lost over the breeding fast for this age 
group. This suggests that young subadulis devote a smaller proportion of 
their body stores to reproductive activity, compared to older males, by fast- 
ing for a shorter period on the rookery. 
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The highest levels of RE that we measured were exhibited by some adult 
males that lost nearly half of their body mass over the breeding season 
(maximums of 46.3% for a weighed animal and 50.5% for a photographed 
animal). This was considerably greater than the highest RE shown by 
younger males (SA3: 38.5%, weight; 35.1%, photograph; SA4: 38.8%, 
weight; 35.0%, photograph), perhaps because adults had the opportunity 
to achieve much higher mating success than subadults. The difference in 
sample size between the age groups provides an alternative explanation 
that cannot be completely ruled out, but it is unlikely that subadults ever 
lose much over 40% of their mass. 

What can account for the twofold variation in RE among adult males? 
Total percent mass loss over the breeding seascm was slightly but not signifi- 
cantly higher for old adult males than for young adults (table 10.6). Age is 
positively correlated with dominance rank and mating success in males (Lc 
Boeuf 1974; Lc Bocuf and Reiter 1988; Clinton and Le fioeuf 1993), and the 
tendency for older bulls to invest more in reproduction, can be attributed to 
their higher rank. Although sample sizes were small, table 10.6 sho%vs that 
the R£ of young and old adults was quite similar for a given rank or mating 
success class. Males in the top third of the dominance hierarchy lost a sig- 
nificantly greater proportion of their arrival mass over the season (36.0 ± 
7.8%, N = 23) than did bulls in the middle third (32.2 ±5.8%, N= 18) 
and the bottom third of the hierarchy (32.9 ± 6.9%, N = 9) (p < 05, table 
10.6). Likewise, males that achieved high mating success (ENFI> 15) de- 
voted a greater effort to reproduction (36.3 ±6.1% of mass lost, N= 14) 
compared to adults with moderate sexual success (ENFI of 5-15; 32.6 ± 
9.1%, N= 13) or to those who copulated relatively few times (ENFK 
5; 33.8 ±6.5%, N = 24). The difference in percent mass loss between 
males with high mating success (median ENFI = 28.8) and those with low 
to moderate success (median ENFI = 2.0) was not significant, however 
(p = . 098, table 10.6). 

Summary: Effects of Age Class and Dominance Status on Male RE. Error in- 
herent in the photogrammetric measurement of body mass created con- 
siderable variation in mass loss variables among individuals, which made it 
more difficult to detect the real effects of potential factors such as age or 
dominance status on male mating effort. Nevertheless, the following pat- 
terns stood out. 1. The energetic component of male RE increased from age 
5 fSA2) to age 6 (SA3), due to increased time spcm on the rookery, and 
then remained constant to adulthood; preliminary data indicate no effect 
of age on RE of adults. 2. Sexually successful, high-ranking males lost a 
greater proportion of body mass than did subordinate adults and subadults, 
but the difference in RE was small compared to the discrepancy in mating 
success. 
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TABLE 10.6 Adult male reproductive effort (% mass loss over breeding 
season) as a fiinction of age, dominance lank, and mating success (£NFI). 

Young adult OUadnU AU adults 

(8-9ytars) (10-14j$ar$) (S-Jijuan) 



Dominance class 



High-rank (top 1/3) 


38.2 ± 8.8 


37.5 ± 5.4 


36.0 ± 7.8 




(2) 


(8) 


(23) 


Low- to mid-rank (bottom 2/3) 


31.4 ±4.8 


31.3 ±5.3 


32.4 ±6.1 




(8) 


(3) 


(27) 


Mating success class 
High (L.\FI> loj 


32.0 


38. J ± 5.8 


36.3 ±6.1 


(1) 


(7) 


(14) 


Low to moderate 


32.8 ±6.2 


33.3 ±5.1 


33.4 ±7.4 


(ENFI«0-15) 


(9) 


(5) 


(37) 


Ail dominance and £NFI classes 


32.7 ±5.9 


36.4 ± 5.9 






(10) 


(12) 





note: Numbers shown are mean ± 1 SD. Sample sizes are in parentheses. Direct measure- 
ments and photogrammctric estimates of mass are combined. Results uf Student's t tests: 
high vs. low dominance class (t= 1.81, dr=48, p = .038, one-tailed test); high vs. low 
ENFI class (t= 1.31, df = 49, p= .098, one-tailed test); and young vs. old adult (t = 1.43, 
df= 19. p= 17, two-tailed test). Excluding the young adult-high F,\F1 ( Liss (N = 1), t 
tests comparing adult age groups for a given dominance or ENFI class were not significant 
(p. > .70), whereas those comparing dominance or ENFI class fiw a given adult age group 
approached significance (.05 < p < . 10, <me-tailcd tests). 



DISCUSSION 

Comparison of Reproductioe Effort bttwem Uu Stxes 
This study reveals important similarities and differences in the magnitude 
and timing of reproductive effort between male and female northern 
elephant seals. The most striking similarity is in the energetic index of R£, 
adults of both sexes losing slightly more than one-third of their body mass, 
on average, while on the breeding rookery. This finding .suggests that a 
oonmion physiological mechanism, perhaps related to changing body com- 
position or increasing protein catabolism (Groscolas 1986; Gherel, Robin, 
and Le Maho 1988), may underlie the termination of the breedii^ fast in 
both sexes. 

There is no a priori reason why male and female RE should be equiva> 
lent, since the factors affecting reproductive success differ so widely between 
the sexes in elephant seals. In males, mating success achieved for a given 
effort depends on the number, competitive ability, and RE of other males 
on the rookery (Trivers 1972; Warner 1980). Intense male intrasexual corn- 
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petition for mates has been a strong selective forcr favoring continuecl 
growth and delayed maturity, thereby molding the level and developmental 
timing of mating effort. Consequently, young male elephant seals invest 
tittle in reproduction and much in increased growth during the first two 
or three yean that same-age females are pupping, a common phenomenon 
in poly gy nous species (Selander 1972; Glutton-Brock, Guinness, and Albon 
1982). Gompared to males, competitive social interactions exert less in- 
fluence on female RS (see Reiter, Panken, and Le Boeuf 1981) and, there- 
fore, on the magnitude and ontogeny of maternal effort. Natural selection 
&vor8 an investment pattern in females that optimizes the opposing effects 
of energy transfer to the pup on maternal and ofispring fitness, relationships 
that are affected by fasting physiology, foraging ecology, thermoregulatory 
requirements at sea, and other ecological factors. 

Data on mass change for four other phocid species allow comparison of 
RE between the sexes. The mean percentage of body mass lost over lacta- 
tion is in the range of 30 to 40% for females of ail five species (table 10.7). 
Breeding mass loss was similar for the two sexes in both species of elephant 
seals but higher for females than males in gray, Weddell, and harbor seals 
(table 10.7). The energetic cost of reproduction in the sexually monomor- 
phic harp seal, Phoca groenlandica, appears to be much greater for females 
than males based on changes in blubber thickness over the breeding season 
(Sergeant 1973). These data suggest that only in the most polygynous seal 
species does male mating effort approach the level of female parental effort 
in terms of energetic costs. 

Energy allocation to reproduction (i.e., breeding activity, gonads, ga- 
metes, and young) is far greater in female golden-mantled ground squirrels, 
Spermophilus saluratus , than in males (Kenagy 1987; Kcnagy, Sharbaugh. and 
Nagy 1989), and this is probably the case for most mammals. But is this the 
best measure of RE? Our use of relative mass loss as an index of RE in fast- 
ing pinnipeds included energy devoted to maintenance metabolism while 
breeding, and so it was not a measure of reproductive encrc;y expenditure 
per se. Nevertheless, since elephant seals and some other pinniped species 
must fast in order to breed (see Riedman 1990). it is reasonable to include 
this maintenance metabolic expenditure as part ol the total energy' cost of 
reproduction. Because the mating strategy of males in polygynous species 
often entails reduced food intake during a period of high activity, males 
may deplete their energy reserves to a greater extent during the mating 
period than females do during pregnancy and lactation (e.g., Lcadcr- 
WiHiams and Rickctts 1981; Michener and Locklear 1990), even though 
actual reproductive energy expenditure may be much higher in females. 
Thus, we consider percent mass loss (an index of percent energy loss) while 
breeding to be a more appropriate measure of RE in fasting seals than en- 
ergy allocation to strictly reproductive functions. 



Copyiiydted matBrial 



194 



BEHAVIOR AND LIFE HISTORY 



TABLE 10.7 Comparison of reproductive effort (mean percent mass loss 
over the breeding season) of adult male and female phocids. 



Species 




Female 


Sources 


Northern elephant seal 


36.2 ( 1 ^1 


36.8 (22) 


1,2,3,4 


(A/, angustnostris) 


[34.1 (52)1-' 






Southern elephant seal 


33.5 (4) 


34.4 (96) 


5,6 


(A/, leonina) 




36.3 (15) 


6,7 


Gray seat 


16.8 (33) 


38.9 (43) 


8,9,10,11 


{HaUehoerus grypus) 


29.6 (59) 


30.4-39.5 (54) 


12,13,14,20 


WcddeU sealo 


30.0 (6) 


37 (21) 


15,16 


{L^lmtjfdioUs weiddlu) 


28.0 (17)« 




16 


Harbor seal** 


11-14 (94)^ 


37 (67)*^ 


17 


{Phoca vitulina) 


25 (21)'' 


>33 (13)^.' 


18,19 



note: Sample sizes are in parentheses. 

SOURCES OF data: 1 = This study; 2 = Costa ct al. 1986; 3 = Deutsch, Haley, and Le Boeuf 
1990; 4 = Crocker 1992: 5 = Krdak ci al., this xoluriu-: 6 = T. Arnbom, pcrs. comm.; 
7 — McCann, Fedak, and Harwood 1989; 8 = Fedak and Anderson 1982; 9 = Anderson and 
Fedak 1985; 10 = Anderson and Fedak 1987; 1 1 = Fedak and Anderson 1987; 12 = Bowen 
and Stobo 1991; 13 = Iversoti et al. 1993; 14 = VV. D. Bowcn, pcrs. comm.; 15 "Hill 1987; 
16=Bartsh, Johnston, and Sinifl' 1992; 1 7 = Harkonen and Hcidc-J0rgensen 1990; 
18 = Walker and Bowen, in press; 19 = Bowen, Oliedal, and Boncss 1992; 20 = Twiss 1991. 

*The bracketed figure includes photogrammetric estimates and direct measurements of male 
mass, whereas all other values in the table are based on animals weighed directly with a 
scale. 

■^Fonoate Weddeil and harbor seals may rorage during lactation (Testa, Hill, and Siniff 1989; 
Bo%ven, Oftedal, and Boncss 1992); Boncss, Bowcn, and Oftedal, in press), thus violating 

the assumption of fastinp necessary- for a valid comparison. 
^These figures were based on cross-sectional samples, whereas all other values were calculated 

from Im^tudinal measurements of mass ciuinge of marked individuals. 
'Plasma lipid data on adult male harbor seals show no indication uf feeding during the first 

half of the mating period (Walker and Bowen, in press). The 2.5% figure would overesti- 
mate mass loss, however, if males initiate or increase feeding activity during the latter half 
of this period. 

♦Female harbor seals lost an estimated 33% of parturition mass over the initial 80% of the 24- 
day lactation period. Extrapolation of mass loss to weaning (42%) would probably overesti- 
mate the actual value because most females appear to forage during late lactation (Boness, 
Bowen, and Oftedal, in press). 

Differences in the pattern of reproductive effort between male and female 
elephant seals are related to their divergent reproductive strategies, as 
follows: 

1. Rate of investment in reproduction, measured as mass-spedfic daily 
mass loss, was over three times higher for females than males. This 
has the effect of reducing the metabolic overhead costs of females rela- 
tive to males. About 40% of the energy lost by females during lacta- 
tion is utilized for maintenance and activity metabolism, the rest 
being transferred to the pup as milk (Costa et al. 1986). On the con- 
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trary, most of the energy males expend during the breeding season is 
probably allocated to maintenance metabolism since 85 to 95% of 
their time is spent resting (Sandegren 1976; Dcutsch 1990). 

2. Duration of RE was three times longer for males than females, reflect- 
ing the importance of early male arrival to obtaining high rank and of 
a lengthy stay to maximiie chances for copulation. A consequence of 
this longer eflbrt is that males had two fewer months than females to 
recover lost energy stores and to gain additional mass before the next 
breeding season. Of course, females invest energy in gestation for 
eight months of the year, which is not reflected in these comparisons 
(see Deutsch, Haley, and Le Boeuf 1990). 

3. Variation in RE was greater among males than females. Male mating 
effort was quite flexible, as evidenced by the more than twofold varia- 
tion in duration of the breeding fast and by great variability in mea- 
sures of the intensity of effort, such as the proportion of time spent 
competing near harems (Deutsch 1990) and mass-specific rate of mass 
loss (Deutsch, Haley, and Le Boeuf 1990). Consequently, some young 
subordinate males invested considerably less than any female did, 
and the RE of some high-ranking males soared well above the max- 
imum for females. In contrast, three observations indicate that flex- 
ibility in adjusting maternal effort during lactation is limited by 
energetic considerations. First, mothers that invested at a higher rela- 
tive rate weaned their pups sooner, suggesting the existence of a cost 
ceiling. Second, females thai lose their pups and therefore invest 
relatively little energy in lactation remain on the rookery longer 
than those who rear pups successfully (Reiter, Pankcn. and Le Boeuf 
1981). Third, a 3-year-old mother ("Bat") who nursed two pups 
simultaneously lost mass at a rate similar to other temales of her 
size (observed = 6.35 kg/day; expected = 6.25 kij/day), and the pups 
gained mass at a combined rate similar to single pups (observed = 
3.46 kg/day; expected = 3.62 kg/day). The minimum RE of parous 
females would have been lower than 30% mass loss if we had in- 
cluded those that lost their pups and did not nurse. But since 90 to 
957o ol females puppmg on the Ano Nuevo mainland are successtul m 
raising their pups to normal weaning age (B. Le Boeuf, unpubl. 
data), including unsuccessful mothers in our sample would not have 
altered the above finding. 

This sex difference in the variance in RE mirrors the great difference in 
the variance in reproductive success between the sexes (Le Boeuf and 
Reiter 1988). Females must invest some minimum RE to produce a healthy 
offspring, whereas males that invest even less dSbrt have some diance of sir- 
ing a pup. Extremely high levels of maternal eflfort (over 40% of body mass 
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lost) probably benefit a pup relatively little compared to the future costs in- 
curred by the mother, but alpha males can raise their current RS substan- 
tially through continued high mating effort. Thus, the sex difference in RE 
variation reflects the fundamentally different means by which male and 
female elephant seals maximize their RS. 

Reproduction can be a risky activity, sometimes even leading to death 
(e.g., Wilkinson and Shank 1976; Brunton 1986), so a complete sex com- 
parison must also examine this facet of R£. Frequency of external wounds, 
the measure of risk used in this study, was many times s^rcater in males 
than females, reflecting the violent competition among males for high rank 
and access to females. Similar sex differences in frequency of injury have 
been found in other polygynous mammals (e.g., Smith 1966; Michcner and 
Locklear 1990). We note, however, that the observed injury rate for females 
may be an underestimate because they were sampled in harems, but they 
are most likely to get injured during departure from the rookery. The risk of 
receiving a lethal injury during agonistic or sexual interactions is relatively 
small for both sexes at Ario Nue\ o; female mortality due to male-inflictcd 
iiyuries (0.1% per year; Le Bocuf and Mesnick 1991) appears to be about 
twice as high as that for males (Deuisch 1990; C. Deutsch and B. Le 

Boeuf, unpiibl. data). Female elephant seals probably incur a higher inci- 
dence of fatal injuries than males because of the large sex difference in 
mass, the large canines of males, the bites to the female's neck during typi- 
cal sexual behavior, and the emaciated condition of the female on departure, 
when she is exposed to mating attempts by aggressive and sexually moti- 
vated peripheral bulls (Mesnick and Le Boeuf 1991). 

Differences in life history parameters between the sexes may be due to 
differences in the timing and magnitude of RE. In Richardson's ground 
squirrels, S. richardsonii, for example, males deplete their fat stores to a 
greater degree during the mating period than females do during lactation, 
and this is associated with higher male mortality (Michener and Locklear 
1990). The authors conclude that the costs of mating effort for males arc 
greater than the costs of parental effort for females in this species. This pat- 
tern is taken to the extreme by the marsupial shrew, Antechinus stuartii, in 
which all males die soon after the mating season, whereas females are itcro- 
parous (Lee, Woolcy, and Braithwaite 1982). In northern elephant seals, 
the survivorship curves arc roughly similar for both sexes (see fig. 22.2 in 
Le Boeuf and Reiter 1988), although longevity is somewhat greater for 
females. This is consistent with the similar magnitude of RE for the sexes 
found in this study. 

Age-specific Reprodutim Effort and Fitness Consequences 
Variation in the energetic component of RE was not associated with age for 
males 6 years and older or for parous females. This finding, based on mass 
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k»8, is corroborated by oomplementary data showing no correlation be- 
tween mass-specific energy expenditure and milk energy output of lactating 
females and age (Crocker 1992; D. Crocker, unpubl. data) and no age-re- 
lated variation in male time-activity budgets (Deutsch 1990). Unfortunately, 
very old females, vnth the lowest reproductive value and the highest pre- 
dicted R£, were not included in our sample, but a foUow-up study (D. 
Crocker, unpubl. data) found that three 1 1- to 12-year-old mothers lost a 
similar proportion of their body mass over lactation (range = 31-34%) as 
younger mothers. W.J. Sydeman et al. (1991) suggested that age-specific 
increases in female aggressiveness, success in dominance interactions, and 
weaning success could be attributed to increasing maternal effort with age. 
The energetic data do not support this interpretation; instead we propose 
that the increase in size and experience with age accounts for the higher 
dominance status and weaning success of older mothers. Even though the 
proportion of resources allocated to reproduction did not vary with age. it is 
still possible that younger, smaller seals incurred a greater risk by depicting 
their fat reserves to a lower, perhaps marginal, level than larger animals, as 
R. £. A. Stewart (1986) found for female harp seals. This was apparently 
not the case in elephant seals, however, since females weaned their pups on 
reaching 21 to 25% body fat, regardless of maternal age, parturition mass, 
or initial body composition (Crocker 1992; D. Costa and B. Le Boeuf, un- 
publ. data). Female investment in offspring was in direct proportion to 
maternal mass at parturition. This is similar to the pattern of maternal in- 
vestment in southern elephant seals (McCann, Fedak, and Harwood 1989; 
Fedak et al., this volume) but unlike harp seals, in which small, young 
mothers produce weanlings of the same size and lose mass at the same rate 
as larger, older mothers (Stewart 1986; Kovacs, Lavigne, and Innes 1991). 

The fitness costB of r^roduction (e.g., reduced survival) should be posi- 
tively related to the proximate energetic costs (i.e., RE), though probably in 
a nonlinear fashion, and this relationship should be manifested in the age- 
specific patterns of RE and mortality. This expectation is partially sup- 
ported by the fact that age-specific mortality rates rise sharply upon the 
initiation of reproduction — at primiparity lor females (age 3-4; Reiter and 
Lc Bocuf 1991) and at puberty for males (age 5; Clinton, this volume). 
For females, this survival cost i.s associated with lactation, since mortality 
remains low during the year of their first pregnancy. Similarly, Clutton- 
Brock, Albon, and Guinness (1989) concluded that the fitness costs of 
reproduction in red deer, Cenus elaphus, are attributable to the energetic 
demands of lactation and not to gestation. 

Two lines of evidence led us to expect the RE of reproductively active 
but physically immature "subadults" (i.e., 3- to 5-year-old lemales and 5- 
to 7-ycar-old males) lo be less than that of physically mature animals. First, 
RS increases with age in both sexes, especially from puberty to physical 
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maturity, due largely to the effects of intrasexual competition (see references 
given on p. 173). Young small females obtain a lower benefit (in terms of 
weaning success and weanling mass) for the same proximate cost (relative 
mass loss) as older, larger mothers. Even more striking is the fact that sub- 
adult males obtain little immediate benefit for the same mass-specific cost 
as low-ranking adult males; only 6 to 15% of 6- to 7-year-olds copulate 
(Clinton 1990). Second, a given R£ seems to impose a greater strain on the 
younger breeders of both sexes, manifested as higher fitness costs. Females 
giving birth at age 3 suffer reduced survivorship and future fecundity rela- 
tive to those delaying reproduction to age 4 or 5 (Huber 1987; Reiter and 
Le Boeuf 1991; but see Sydeman and Nur, this volume). Current mating 
success is negatively correlated with subsequent survival and fecundity for 
young males (6—8 years old) but not for older males (Clinton and Lc Boeuf 
1993; Clinton, this volume). Also, C. R. Cox (1983) found that 6-ycar-old 
males that spend a greater amount of time on the breeding beach suffer 
higher mortality than those exhibitmg lower effort. The higher fitness costs 
incurred by young breeders may result from the simultaneous allocation of 
energy to growth and reproduction, leaving less available lor storage or 
critical maintenance functions. 

Given that benefits of reproductive investment increas*- and fitness costs 
decrease with age during the period between sexual and physical maturity, 
selection should favor a relatively low level of RE for "subadult" animals. 
This probably explains why most females delay primiparity beyond age 3 
(Huber 1987; Reiter and Le Boeuf 1991) and why pubescent males (4-5 
years old) invest little time or energy in mating attempts (Clinton 1990; 
Deutsch 1990), despite the theoretical benefits of early breeding (Sibly and 
Galow 1986). Still, the pattern of constant mean RE with age for parous 
females and for males older than 5 years is perplexing. Theoretically, the 
optimal level of investment at each age is determined by the agc-spccific 
fimctions relating RE to fitness benefits (i.e., current RS) and to fitness 
costs (i.e., reduction in residual reproductive value). These fimctions are 
extremely difficult to determine empirically, and few data are available 
(Gharlesworth 1960). It is noteworthy, however, that a constant age- 
specific RE is theoretically plausible, at least among adults, as stated by 
B. Gharlesworth (ibid. 246): **It is not difficult, in principle, to find cases 
in which an optimal fife-history exists which has constant reproductive 
effi>rt among the adult age-dasses, and hence constant adult survival and 
fecundity.** 

One could reasonably argue that a small, young female must expend a 
relativdy large proportion of her energy stores during lactadon to produce 
a weanling that is large enough to survive well (see Fedak et al., this 
volume). The point at which survival firom weanii^ to 2 ajqpears to 
drop off is at a weaning mass of only 80 to 90 kg (Le Boeuf, Morris, and 
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Reiter, this volume). A hypothetical young mother of 400 kg would produce 
a 34-kg newborn (from fig. 10.3) and nurse it for 23 to 26 days with a mass 
transfer efficiency of 63% (from table 10.3). This female would lose 105 kg, 
or only 26% of her parturition mass, to produce a 100-kg weanling. Clearly, 
young mothers invest substantially more (36% of body mass) than is re- 
quired to produce a viable pup. So this argument can probably be rejected; 
but the liiture fecundity of ofipring may be enhanced by maternal invest- 
ment above what is necessary for offspring survival. We offer three other 
nonexclusive explanations that may account for the lack of age-related 
variadon in RE. 

One explanation is that the seals are able to tolerate moderate eneigy 
deficiencies up to some threshold level, and only when that threshold is ex- 
ceeded does a cost of reproduction become apparent (Tuomi, Hakala, and 
Haukioja 1983). Large fluctuations in body mass (e.g., loss of one-third 

mass) are a normal part of the elephant seal's annual cycle (Costa ct al. 
1986; McCann, Fedak, and Harwood 1989; Deutsch, Haley, and Lc Bocuf 
1990; Kretzmann, Costa, and Le Boeuf 1993; Worthy et al. 1992) and may 
entail litde or no fitness costs in healthy animals. While costs associated 
with additional increments of investment above a critical level are likely to 
escalate (Burley 1988), the benefits should approach an asymptote, particu- 
larly for females. In fact, the survival benefit of large weanling mass is 
equivocal (Le Boeuf, Morris, and Reiter, this volume). Crocker (1992) pos- 
tulated a physiological mechanism, based on changing body composition 
and rate of protein catabolism, that may account for a threshold rela- 
tionship between maternal investment and fitness costs. Circumstantial evi- 
dence for such a threshold phenomenon includes the fact that female body 
fat at the end of lactation lies in a narrow rane;e, despite the large variation 
in initial fai stores, in lactation duration, in absolute rates of mass loss, and 
in rates of lean and adipose tissue loss (Crocker 1992: sec also Gales and 
Burton 1987). An animal exceeding the hypothesized threshold level of RE 
might be faced with the choice of either depicting its blubber layer beyond 
what is necessary for thermoregulation at sea or oxidizing muscle and other 
lean tissue. While this cost-based explanation is plausible, the trade-off be- 
tween reproduction and growth (e.g., Robinson and Doyle 1985; Green and 
Rothstein 1991) would seem difhcult to avoid, and so attempting to breed 
as a growing subadult could reduce size and, hence, fecundity as an adult 
(CHnton 1990; Haley, Deutsch, and Le Boeuf, in press). Furthermore, the 
evidence of a trade-off between reproduction and survival for young animals 
also argues strongly for the existence of substantial benefits, either immedi- 
ate or delayed, to early reproductiv e attempts. 

The second possibility draws on the idea that in expanding populations 
the fitness benefit of early-born offspring is greater than that of late-bom 
young, thus favoring early maturity and declining RE with age (Lewontin 
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1965; Charlesworth and Leon 1976). This may partially explain why 
females mature at a relatively young age in M. angustirostris and in exploited 
populations o{ M, l^nina (Carrick et al. 1962), although the costs of early 
reproduction would appear to outweigh the benefits under the prevailing 
demographic conditions (Hubcr 1 987; Reiter and Le Boeuf 1 99 1 ) . The hypo- 
thesized effect seems too small, however, to compensate for the extremely 
low mating success of subadult males, unless we have grossly underesti- 
mated their success. Who mates with virgin females and where this occurs 
is poorly known (Huber et al. 1991) and could potentially affect our inter- 
pretation. Overall, we think that this can be a partial explanation at best. 

The final explanation for the unexpectedly high RE among physically 
immature seals is that experience gained when young improves future re- 
productive performance (Caro 1988; Robinson 1988). The benefits of early 
maternal experience to subsequent weaning success have been documented 
in elephant seals (Reiter, Panken, and Lc Boeuf 1981: Sydeman el al. 
1991). C. J. Deutsch (1990) presents circumstantial evidence for the im- 
portance of fighting and sexual experience to males; this includes the 
observation that subadult males engage in frequent mock-fighting activity 
in contexts in which no immediate reproductive benefit is possible (e.g., 
during the molt period). Even male vveanlinirs exhibit behaviors during so- 
cial interactions that resemble the fighting behavior of adult males (Rasa 
1971; Reiter, Stinson, and Le Boeuf 1978), suggesting that early social ex- 
perience plays an important role in reproducing successfully later in life 
(Fagen 1981). 1 his raises the interesting question of whether such social 
play among juvenile males should be considered a form of early RE with 
delayed benefits that has evolved via sexual selection on adult males. 

In conclusion, we found that the magnitude of reproductive effort in 
northern elephant seals, as estimated by rehitive mass loss, was similar fixr 
males and females but that the temporal patterning of effort differed be- 
tween the sexes both within a breeding season and over development. The 
similarity in R£ between the sexes was unexpected, given the large size 
dimorphism, divergent reproductive strategies, and the generally held view 
that female mammab invest more in reproduction than males. RE did not 
vary with age in males (older than 5 years) or parous females, despite an 
increase in reproductive success and a decline in the fitness costs of breed- 
ing with age for both sexes. Future studies should investigate whether the sub- 
stantial interindividual variation in RE is related to the amount of energy 
stores available at the start of breeding, thus potentially linking foraging 
success at sea with reproductive success on land. 

ACKNOWLEDGMENTS 

Ntmierous students and colleagues assisted in fieldwork over the decade 
covered by this study, and to them we are very grateful. We abo thank 



Copyrighted matsrial 



SEX- AND AGE-RELATED REPRODUCTIVE VARIATION 201 



M. Haley and J. Williams for their collaboration in the mass loss studies; 
K. Richer for oollectiiig data on male injuries; M. Kretzmann for contribut- 
ing data on pup mass and mass change; and the rangers at Ano Nuevo 
State Park for their cooperation in the field. We are grateful to S. BlackweU, 
M. Bryden, R. Gentry, G. Kooyman, and J. Reiter for making helpful com- 
ments on earlier versions of this manuscript. The research was funded in 
part by the National Science Foundation and by the Biology Board of Stud- 
ies and the Institute of Marine Sciences at the University of Galifomia, 
Santa Cruz. 

APPENDIX 10.1 

Calculation of Body Mass and Mass Loss 
Body Mass at Arrival (Males) or Parturition (Females). Calculated by using 
measured rates of mass loss for each animal to extrapolate from date of first 
weighing (initial mass) back to arrival date (males) or parturition date 
(females). For 14 males weighed (directly or photogrammetrically) only at 
the start of the breeding fast, initial mass was extrapolated to arrival date 
using the regression between mass loss per day (y) and length (where 
X = 0.9* standard length): y = -86.87 + 91.42x - 31 .85x'-^ + 3.84x^ (r^ = .68, 
N = 28, p< .0001: Drutsch, Haley, and Lc Boeuf 1990). For 12 females 
weighed only at the start of laciaiion. initial mass was extrapolated to par- 
turition date using the regression between mass loss per day (y) and initial 
mass (x): y= 1 .058 + 0.01 306x (r- = .62, N = 22, p<.0001). All units of 
mass are given in kg; length is given in meters. 

Body Mass at Departure from the Rookery (Both Sexes). Calculated by using 
measured rates of mass loss for each animal to extrapolate from dale of last 
weighing (final mass) forward to departure date. For 31 males weighed only 
at the end of the breeding fast, final mass was extrapolated to departure 
date using the rc'grcssi(jn above. For 40 females weighed only near the end 
of lactation, the corresponding calculation was based on the regression 
between mass loss per day (y) and final mass (x): y= 1.486 + .01 797x 
(r* " .52, N = 22, p=.0002). Similar mass estimates could have been 
obtained for these 40 females (and the 12 above) using standard length to 
estimate mass loss rate (r^' = .57, N = 22, p< .0001). 

Total Mass Loss over the Breeding Season (Males) or the Lactation Period 
(Females). Equals estimated arrival/parturition mass minus estimated 
departure mass for animals weighed two or more times over the season. 
Females weighed twice over an interval of less than 18 days were excluded 
from mass loss analyses. Total mass loss expressed as a percentage tsS 
arrival/parturition mass was used as an index of the energetic componetit 
of RE. 
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Pup Mass at Birth, Since diflferent pups were initialiy weighed from 0 to 
5 days posq[>artum, we standardized pup mass by estimating mass at birth. 
Initial pup mass (kg) was regressed against pup age (days) for 41 pups 0 to 
5 days of age, yielding the following linear regression: Initial mass » 36.9 + 
2.2 (age); r^ — .29. For pups 0 to 1 day old, birth mass was taken to equal 
initial mass. For pups 2 to 5 days old, a mass gain of 2.2 kg/day was as- 
sumed, starting at day 1; this amount was subtracted from initial mass to 
obtain estimated birth mass. Since other studies typically report initial 
mass and since mass gain of pups can be quite variable during the first week 
(McCann, Fedak, and Harwood 1989), we also report initial mass. 

Fup Mass at IVeaning. Pups were usually weighed within a tew days of 
weaning. If weighed before weaning, measured mass gain per day for each 
pup was used to extrapolate from date of final weighing to weaning date. If 
weighed after weaning, the following equation was used to estimate mass at 
weaning since weantings fast and lose mass: 

Mass at weaning — Measured mass * ( e^''^) , 

where k = .00596 and d = number of days between weaning and weighing 
(modified from Ortiz, Costa, and Lc Bocuf 1978; P. M. Morris, pors. 
comm.). Pups weighed more than 10 days after weaning were excluded 
from analysis. 

Total Fup Mass Gam, Equals estimated mass at weaning minus esti- 
mated mass at birth. 

APPENDIX 10.2 

Comments on an Outlier for Pup Mass Gain 
The outlier was a male pup of a 424 kg, 3-ycar-old mother ("G22"') and de- 
serves special mention because it illustrates some of the problems inherent 
in interpreting this type of data. Values for this individual lie well outside 
the expected range for pup mass gain and weaning mass (fig. 10.3g-j). 
There are at least three possible explanations for this finding: (1) high 
maternal investment; (2) high efficiency of mass transfer; and/or (3) milk 
stealing by the pup from other females. G22 gave birth to an exceptionally 
large pup (10 kg heavier than expected for her size; fig. 10.3e, f), and she 
lost 41.2% of her parturition mass, the highest value measured for a female. 
This large mass loss was due primarily to an unusually long lactation 
period (27 days) for a 3-year-old. Even taking G22's high RE into consid- 
eration, however, the pup was weaned about 30 kg heavier than expected. 
This &ct, plus the suspiciously high mass transfer efficiency of 77% (range 
was 45-67% for the rest), suggests that the pup stole milk from neighbor- 
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mg females during the nursing period, although this was not observed. For 
this reason, maternal mass or eneigy loss is probably a more reliable index 
of investment than pup mass or energy gain. 
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Diet of the Northern Elephant Seal 

George A. Antonslis, Mark S. Lowry, Clifford H. Fiscus, Brent S, Stewart, 

and Robert L, DeLong 



ABSTRACT. Thc diet of northern elephant seals, Mimmga angustinstris, at San Miguel 
Island, Calilbmia, was examined by stomach lavage during the spring and summer 
from 1984 through 1990. IdentifiaUe hard parts dprey species were recovered from 
the stomachs of 193 of 196 seals sampled. Cephalopods occurred in all stomachs 
containing identifiable remains of prey. Most prey species (70%) identified inhabit 
epi-, meso-, or bathy pelagic oceanic zones, and relativeiy Sew (30%) occur in neritic 
or benthic regions. The five most fi-equently occurring prey species were the cepha- 
lopods Octopoteuthis deletron (58.0%), Histioteuthis heteropsis (43.0%), Gonatopsis borealis 
(40.9%), Histioteuthis dofleini (39.4%) and thc teleost Merluccius productus (38.9%). 
The diets of males and females were similar, with the exception of a significanth 
higher occurrence of cyclostomes in the stomachs of subadult males. Variability in 
the diet of dephant seals was probably influenced by annual changes in the availa- 
bility and abundance of prey. 

The population of northern elephant seals, Mirounga angustirostris, has in- 
creased greatly during the past eight decades and may now number about 
127,000 rangewide (Bartholomew and Hubbs 1960; (-ooper and Stewart 
1983; Stewart et al., this volume). Elephant seal behavior during brief 
periods ashore has been well documented (e.g., Bartholomew 1952; Le 
Boeuf 1974; Rciter, Panken, and Le Bocuf 1981), but their foraging ecology 
has only recently come under study (Hacker 1986; Antonelis et al. 1987; Le 
Boeuf ct al. 1988, 1989; DeLong and Stewart 1991; Sakamoto et al. 1989; 
DeLong, Stewart, and Hill 1992; Le Boeuf, this volume; Stewart and De- 
Long, this volume). Here we describe thc diet of northern elephant seals 
based on the examination of prey remains recovered from stomach contents 
and discuss thc ecological relationships between elephant seals and their 
prey. 

211 
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METHODS 

Wc lavagcd the stomachs of 11 adult male, 69 subadult male, and 115 
female northern elephant seals when they hauled out on land to molt at San 
Miguel Island, California, in spring (late April/early May) and summer 
(July) from 1984 through 1990. Stomach lavage was accomplished by chem- 
ically immobilizing each seal with ketamine hydrochloride, intubating its 
stomach, and flushing out the remaining parts of prey with 3 to 5 liters of 
seawater (AntoneUs et al. 1987; DeLong and Stewart 1991). Prolonged 
apnea associated with the use of ketamine hydrochloride and poor health 
condition resulted in the death of 6 of 195 elephant seals chemically im- 
mobilized. Portions of the dietary information from the 1984 field season 
were previously reported by G. A. AntoneUs et al. (1987). 

The percent occurrence of prey species found in the stomachs of elephant 
seals was used as an index of prey consumption. Those species occurring in 
over 30% of the stomachs were considered major prey items. Dietary in- 
formation was determined by identifying remains of sagittal otoliths and 
bones (fish), mouthparts (cephalopods and cydostomes), elasmobranch and 
cydostome egg cases (Cox 1963), crustacean exoskdetons (Schmitt 1921), 
and tunicates (Thompson 1948). 

We estimated age groups (<1 yr., 1 yr., 2 yrs., 3 yrs., 4—7 yrs.) of Pacific 
whiting, Meriuccius productust eaten by seals in 1984-1986 on the basis of size 
rdadonships between otoliths from stomach contents and known-age whit- 
ing reference specimens (AntoneUs ct al. 1987) and then estimated fish size 
using relationships among age, weight, and length (Dark 1975). Digestive 
erosion did not compromise our ability to categorize otoliths into age 
groups because Pacific Whiting size differences are conspicuous during the 
first three years of rapid growth (Dark 1975; Antonelis et al. 1987). 

We estimated body sizes (mantle length) of individuals of one cephalo- 
pod prey, Gonatopsis borealis, from measurements of lower rostral beak 
length (Clarke 1986). These beak measurements were obtained from sam- 
ples collected from 1984 to 1986. Sufficient data on relationships between 
body size and beak measurements were not available for the other cephalo- 
pods identified in this stuclv. 'I hv annual occurrence of single and multiple 
prey taxa found in the stomachs of elephant seals (1984-1986) was calcu- 
lated as percentages of the total number of stomachs containing identifiable 
food remains. 

The null hypotheses (1) male and female elephant seals consumed the 
same prey and (2) diet did not differ among years were tested with a logistic 
regression analysis model (Aitkin et al. 1989). We compared the deviance 
explained by the variables (sex and year) to the deviance of the model 
without entering the variables. Changes in deviance were approximated by 
a chi-square distribution with degrees of freedom equal to the change in the 
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d^rees of freedom between the two models. Data from stomach lavages 
conducted from 1988 to 1990 were not tested statistically because of insuf- 
ficient sample sizes. 

RESULTS 

We identified 53 prey taxa from stomach contents of 193 elephant seals 
(tables 11.1 and 11.2). No identifiable remains of prey were recovered from 
the stomachs of two subadult males. Thirty-seven (70%) of those taxa in- 
habit one or more of the pelagic habitats (epi-, meso-, or bathypelagic), 
whereas 16 taxa (30%) are restricted to neridc or benthic zones. 

Cephalopods were the most commonly identified prey of elephant seab 
(table 11.1), consisting of 28 species, 6 of which have not been previously 
reported as prey of northern elephant seals (GomUus onyx, JapeteUa heathy 
ArdaUuthis japonka, Alegalocrauhia sp.. Octopus btauuiUatuSf and Ommastrephes 
bartmmi). We recovered cephalopod remains finom all of the stomachs con- 
taining identifiable parts of prey species (11 adult males, 67 subadult males, 
and 115 adult females). Octepoteu^ deUtnm, Htstioteut/as hetenpsis, Gomlopsis 
bonalis, and Histioteuthis dojbm were the most fi^uenUy occurring cephalo- 
pods found in the stomachs. We estimated manUe length of G. hmalis eaten 
as 13.6-28.0 cm (x » 22.0 cm, SD = 5.4 cm, n » 22). 

Other prey groups were recovered fix>m stomachs less often than cepha- 
lopods. Pacific whiting and pelagic red crabs, PUumncodes pUmipeSf were the 
predominant fish and crustacean species (table 11.2). Two of the identified 
fish species, Sebasloiobus aUucamu and Icickytkys /wAtf^/ont, had not been pre- 
viously reported as elephant seal prey. 

Diets male and female seals were not significanUy difierent df ^ > 3.84, 
df~ 1, p>.05) with one exception; cydostomes occurred more frequendy 
in the stomachs of subadult males {x^ = 3.84, df « 1, p< .05) than in adult 
females (fig. 11.1). Seals ate teleost fish more frequendy (x^ = 5.99, df=2, 
p<.05) in 1985 (males = 42%, females « 54%) than they did in 1986 
(males "30%, females » 27%). Crustaceans were consumed more often 
(X^ m 5.99, df- 2, p< .05) in 1984 (males » 80%, females = 76%) than in 
1986 (males s 17%, femades ~ 14%); cephalopods %vere eaten more fire- 
quendy {x^ = 5.99, df= 2, p < .05) in 1985 (males = 95%, females - 97%) 
than in 1984 (males = 76%, females = 79%). The diversity of prey eaten 
varied among years, with the greatest number of taxa consumed in 1984 
and the fewest in 1986 (fig. 11 .2). 

The age composition of Pacific whitinu; that were eaten by elephant seals 
varied among years (fig. 1 1.3), but most fish (79% of 252) were less than 4 
years old. Overall, 2-year-old Pacific whiting were the most often eaten 3Lgt 
group (33%), foUowed by 1-year-old (21%), 4- to 7-year-old (21%), 3-year- 
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TABLE 1 1.1 Percent of occurrence and habitat of ccphalopod prey lavaged 
from the stomachs of 193 northern elephant seals, 1984-1990. 

Frequency of occurrenre 

Percent Marine 
Number occurrence environntental 
of stomachs in stomadis zone* 



Ccphalopods 



Octopoteutkis deletron 


112 


58.0 


Ba-M-E 


HistioUuuthis hitenpsis 


83 


43.0 


Ba-M-E 


Gmukpsis bonaUs 


79 


40.9 


M-E 


HisHetm^ dofltmi 


76 


39.4 


Ba-M-E 


Otgfdtottit^ bonal^ttpmca 


41 


21.2 


E 


Ga^mUhu sp. 


40 


20.7 


M-E 


Gonatus sp. 


36 


18.7 


M-E 


Gonatus berryi 


36 


18.7 


M-E 


Gonatidae 


25 


13.0 


M-E 


Gonatus pyros^ 


23 


11.9 


M-E 


Histioteuthis spp. 


23 


11.9 


Be-M-E 


Morotheuthis robusta 


23 


11.9 


Be 




22 


11.4 


Be-M 


Ckifotn$Ms cafy* 


21 


10.9 


M-E 


Taomuspaoo 


21 


10.9 


Ba-M 


Abraliopsis felis 


18 


9.3 


M-E 


ChiroOuuthidae 


13 


6.7 


M-E 


Loligo opalescens 


9 


4.7 


M-E 


Ocythoe tuberculeUa 


9 


4.7 


M-E 


Gonatus onyx^^ 


7 


3.6 


M-E 


JapeUlla heathi^ 


5 


2.6 


M-E 


Odopus nbesems 


5 


2.6 


N-Be 




5 


2.6 


M-E 


Gmuiter (type F) 


4 


2.1 


M-E 


Arddteutlds japonkt^ 


3 


1.6 


M-E 


Cranchia scabra 


3 


1.6 


E 


Dosidicus gigas 


3 


1.6 


M-E 


Me^alocranchia sp.^ 




0.5 


M-E 


Octopus bimaculatus^' 




0.5 


N-Be 


Octopus dojieini 




0.5 


Be 


Ommastr^phes ktrtrami^ 




0.5 


M-E 


Ommasir^kidae 




0.5 


M-E 



•E = cpipelagic, M = mrsopclagic, Ba = bathypclagic, Be = bcnthic, and N = ncritic (Schmitt 
1921; Thompson 1948; Cox 1963; Miller' and Lea 1972; Roper and Young 1975; Butler 
1980). 

i*Not previously reported as prey of the northern elephant seal. 
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TABLE 1 1 .2 Percent of occurrence and habitat of nonce|dudopod prey 
lavaged from the stomachs of 193 northern elephant seak, ldM-1990. 





Frequetuy of 


occurrence 














Number 


occurrence 


mmronmenUU 




of stomachs 


in stomachs 


zone* 


Tdeosts 








1^ f__ • M. 1 ^ 

MifmCCiMS pnaMCIMS 


75 


38.9 


M-E 


^eoastes sp. 


14 


7.3 


N-Be 


Coryphaenouks aem^ 


10 


5.2 


M-Ba 


Macouridae 


8 


4.1 


M-Ba 


Sebastolobus alascanu^ 


2 


1.0 


M-E 


Pleuronectidae 


2 


1.0 


N-Ba 


lachythys iockwgtoni° 


1 


0.5 


E 


Crustaceans 








FieuToncodes planipes 


67 


34.7 


£ 


Fastphaea pacificia 


18 


9.3 


E 




5 


2.6 


E 


Unidentified 


8 


4.1 


E 


Elasmobranchs 








CephalosgfiUum vminasum 


12 


6.2 


N-Be 


(egg case) 








Elasmobranch (vertebrae) 


10 


5.2 


Be 


Squalus acanthias (vertebrae) 


2 


1.0 


N-Be 


A^TtcfiiTtic nnififi^f/c (faciei r'\^f^\ 


1 
I 


U.J 




Hydrolagus coUiei (egg case) 


I 


0.5 


N-Be 


Elasmobranch (egg case) 


11 


5.7 


N-Bc 


Cydostomcs 








Eptaptrektt stOHiii (teeth) 


13 


6.7 


Be 


Elpulpintu stouiU (egg case) 


2 


1.0 


Be 


Lcan^On tdimtata (teeth) 


5 


2.6 


A-Be 


Tunicate 








^FnwoiiM atloHticum 


19 


9.8 


M-E 



•E <m eptpelagic, M « mesopelagic, Ba » iMthypdagic, Be ~ benthic, N « nericic, and A * ana- 
dromous (Schmitt 1921; Thompion 1948; Cm 1963; Miller and Lea 1972; Roper and 

Youn^ 1975; Butler 1980). 
''Not previously reported as prey of the northern elephant seal. 
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old (15%), and first-year fish (10%). Pacific whiting that were less than 1 
year old were rarely eaten in 1985 (1%) and in 1986 (7%) but were com- 
mon prey (20%) in 1984 (fig. 11.3). The 1984 Pacific whiting cohort was 
also well represented in the diets of seals as 1 -year-old fish in 1985 (27%) 
and as 2-year-old fish in 1986 (41%). The fi-equency of occurrence of 3- 
and 4-v car-old Pacific whiting was greatest in 1986 and 1985, respectively 

(fig; 11.3). 

The average length and weight estimates of individual 1 -year-old, 2- 
year-old, and 3-ycar-oid Pacific whiting were 15.4 cm and 0.038 kg, 28.0 cm 
and 0.163 kg, and 42.3 cm and 0.496 kg, respectively. The average size of 
individual 4- to 7-year-old Pacific whiting ranged from 44.6 cm (-^ 0.570 kg) 
to 51.8 cm (-0.854 kg). 

DISCUSSION 

Our lavage studies indicate that elephant seals feed primarily on epi- and 
mesopclagic cephalopods, although other prey types that inhabit pelagic 
habitats arc occasionally eaten. Recent data on the spatial and temporal 
distribution of foraging adult northern elephant seals (Stewart and DeLong 
1990; Lc Boeuf, this volume; Stewart and DeLong, this volume) reinforce 
these intcrpreiaiions of the importance of resources m meso- and epipclagic 
habitats to northern elephant seals. Benthic organisms in the neritic zone 
may be more important prey for adult elephant seals when they forage over 
the continental shelf during migrations to and from breeding or haul-out 
locations. The foraging locations of juvenile elephant seals are unknown, 
but studies are currently under way (Le Boeuf, this volume). Limited die- 
tary information (Hacker 1966) indicates that juveniles may feed frequently 
in die neritic zone. 

All five major prey species make some type of did vertical migration. 
0. delitron has been described as a vertical spreader that is found at 200 to 
400 m depths during the day but disperses both upward (usuaUy in the 
upper 100 m at night) and downwaid at night; the maximum reported 
depth is 1,600 m (Jefferts 1963; Roper and Young 1975). H, heUnpsis, 
H, dojkudf and G. borealis are all second-order vertical migrators that move 
toward the surface at night (usually no shallower than 200 m) finom day- 
time depths of 300 to 400 m {H, heUnpsis and H. dojkini) to 400 to 700 m 
(G. bonalbiJd&xtB 1983, Roper and Young 1975). Pacific whiting migrate 
between daytime depths of 150 to 200 m and surface waters at night (Erma- 
kov 1974); maximum daytime depths may reach 1,000 m (Best 1963). 
These depth ranges and diel variations of prey distribution arc consistent 
with data on diving patterns recorded for adult elephant seals (e.g., Le 
Boeuf et al. 1986, 1988, 1989; DeLong and Stewart 1991; Stewart and De- 
Long, this volume; Le Boeuf, this volume). These results are also consistent 
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with the hypothesis that adult female and adult male seals dive to and for- 
age on vertically migrating prey in the offshore mesopelagic zone (Le Boeuf 
et al. 1988; DeLong and Stewart 1991). Additional studies of the diel move- 
ment patterns of these prey and their association with the deep scattering 
layer may provide valuable insight into the foraging behavior of the north- 
em elephant seal. 

The luminescent characteristics of ccphalopods may be an important 
fitcUM' that facihtates their being visually detected and preyed on by ele- 
phant seals, especially under low-light conditions. Three of the four major 
cephalopod prey (0. deletron, H. helewpsis, and H, dqfitini) are highly lumi- 
nescent relative to the other less frequendy occurring cephalopod prey 
(Nesis 1982), Unlike most of the other prey, these three ccphalopods occur 
in the darkness of the bathypelagic zone, where a high degree of lumines- 
cence might make them more vulnerable to prcdation by elephant seals. 

Only two other prey occurred in over 30% of the stomachs of elephant 
seals: pelagic red crabs (P. piampes) and Pacific whiting. Pelagic red crabs 
were transient prey, occurring in the diet of the seals only in 1984 (44%) 
and in 1985 (38%). Pelagic red crabs have rarely been recovered during 
lavage studies since this time. Their consumption was evidently linked to 
the movement of large numbers of these crabs into the offshore waters 
of California during the 1982-83 El Niiio Southern Oscillation (Stewart, 
Yochem, and Schreiber 1984; Hacker 1986). The influx of this prey into the 
region and, perhaps, the change in availability of other prey (e.g., Bailey 
and Incze 1985; Fiedler, Methot, and Hewitt 1986; Trillmich and Ono 
1991) likely contributed to the high frequency of occurrence ofF.planipes in 
those years. 

Ihe variable patterns of occurrence of Pacific whiting in the diet of 
northern elephant seals illustrate the relationship between the abundance 
and availability of a prey resource and the frequency of its consumption 
(fig. 1 1 .3). Juvenile Pacific whiting (<l-3 years of age) are most commonly 
found in the epi- and mesopelagic waters, near the central and southern 
California coasts (Bailey, Francis, and Stevens 1982). Biomass estimates of 
this resource vary annually and are greatly infiucnced by the strength of 
each year class (Dorn ct al. 1990). The great .sti<:ngih of tlie 1984 whiting 
cohort (ibid.) was clearly reflected in the seals' diets. Relative to other 
cohorts, the 1984 cohort occurred most often in elephant seals' diets each 
year as first-year (1984), 1 -year-old (1985), and 2-year-old fish (1986). 
Similar relationships have been demonstrated between the abundance and 
availability of prey resources and their consumption by California sea lions, 
Zalophus calif ornianus (Bailey and Ainley 1982; Antonelis, Fiscus, and De- 
Long 1984; Lowry et al. 1990). 

Most other noncephalopod prey were only occasionally eaten during the 
spring and summer months. The inclusion of these prey in the diet of the 
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northern elephant seal does indicate, however, that these seals are capable 
of foraging on other prey species. For example, when resource availability 
was altered by the 1982—1983 El Nino Southern Oscillation (Trillmich and 
Ono 1991), the effects contmued through 1984 when elephant seals foraged 
on a greater variety of prey taxa. G. A. Antonelis and G. H. Fiscus (1980) 
suggested that such dietary diversification might be expected during times 
of resource depletion. 

The only detectable difference between the diets of subadult males and 
adult females was the more frequent occurrence of cyclostomes in the diet of 
the former. £. S. Hacker (1986) reported that juvenile males and females 
ate cyclostomes as well as other neritic and nearshore benthic animals. 
Further studies are needed to determine whether or not consistent differ^ 
ences exist between adult and immature elephant seals. 

Northern elephant seals and other pinnipeds in the California Current 
eat some of the same prey (Antonelis and Fiscus 1980). The degree to 
which their foraging habitats overlap is minimized by the relatively short 
time elephant seals remain in nearshore waters. Most adult males and 
females move far offshore of their rookeries to feed in the Gulf of .Alaska and 
the rcntral/castcrn North Pacific, respectively (Stewart and DeLong 1990; 
Le Bocuf, this volume; Stewart and DeLont^, this volume). The degree to 
which juveniles forage in nearshore waters is poorly understood. 

The size of prey consumed by northern elephant seals is not well doc- 
umented. Our limited results on the size of Pacific whiting and G. horealn 
indicate that elephant seals tend to forage on prey that range from about 
13 to 52 cm, 0. deleiron, II. heleropsis, and H. dofieini also occur in this size 
range (Nesis 1982), but additional information is needed to accurately de- 
scribe the size of these and other prey consumed by northern elephant seals. 

Assessing the importance of prey species on the basis of trace remains 
obtained by lavaging the stomachs of elephant seals must always be made 
with caution. Some of these prey, such as euphausiids, may be eaten in- 
cidental to other prey or may be secondary prey items (prey of the primary 
prey species) as suggested by W. F. Perrin et al. (1973). Biases may result 
also from individual differences in the time between feeding and lavage. In 
studies such as ours, most of the prey species of northern elephant seals are 
probably consumed relatively close to San Miguel Island and do not ade- 
quately represent those prey eaten while on the foraging grounds in the 
Gulf of Alaska or the central/eastern North Pacific (Stewart and DeLong 
1990; Le Boeuf» this volume; Stewart and DeLong, this volume). Differen- 
tial passage rates of cephalopod beaks versus otoliths in the stomachs of 
marine predators is another possible source of bias (Fiscus 1990; Miller 
1978; Pitcher 1980). Such biases make it extremely difficult to accurately 
evaluate the energetic contribution of various prey species to the diet of 
northern elephant seals. Despite these limitations, we have demonstrated 
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the ability to detect changes in the diet of elephant seals that are associated 
with documented changes in the availability of prey (e.g., Pacific whiting 
and pelagic red crabs). Similar predator-prey relationships cannot be made 
for cephalopods and elephant seals because so little information is available 
on the ecology and status of cephalopod stocks in the North Pacific. This 
lack of information emphasizes the need for future studies on the ecological 
relationships between northern elephant seals and their prey. 
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Theory of Geolocation by Light Levels 

Roger D, HiU 



ABaTRAGT. A technique for determining the location of elephant seals is described. 
This tedmique requires an accurate determination of time of dawn and dusk cm a 
daily basis. The time midway between da%irn and dusk, the local apparent noon, de- 
termines the seal's longitude, and the day length is used to determine latitude. The 
kmgitude determination is equally accurate throughout the year and at all latitudes 
except those with no dawn and dusk events; the latitude determinatimi is most 
accurate at the solstices and usdess at the equinoxes. Other sources of error are 
the accuracy of the light-level measurement, atmospheric aberration, and the seal's 
behavior. 

Ekphant seals present a particular challenge to the researcher who wants 
to know where they go. Elephant seals generally sur&ce for inadequate 
periods of time for reliable tracking by the Argos satellite system (Stewart 
et at 1989); however, some researchers have had success with this system 
by mounting the transmitter on the seal's head. £lq>hant seals also dive so 
deep that any instrumentation must be solid or have a substantial pressure 
housing. These two problems combine to make it difficult to track an 
dephant seal rdiably for more than a few months without the transmitter 
becoming detached. The price of satellite-transmitters is also generally too 
high for large-scale studies. However, elephant seals are reasonably foithfol 
to thdr molting and breeding beaches, so that deployments and recovery of 
memory-based instruments such as time-depth reoirders (TDRs) have been 
quite successful. In early 1989, it was suggested that I attempt to incorpo- 
rate a geolocation feature into our TDRs. By recording and storing light 
levels, times of dawn and dusk could retroactively be determined and used 
to calculate position using standard solar navigational equations. 
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Fig. 12.1. Circle A is dawn/dusk inter&ce at Hme A. 
THE THEORY 

The principle of determination of location is reasonably straightforward: 
fig. 12.1 shows the earth, with the sun to the right. The bold circle that en- 
compasses the earth is the line between day and night. Note that this circle 
does not pass through the north or south pole. Figure 12.2 shows the earth 
approximately 12 hours later. The sun is still to the right, but the earth has 
rotated by nearly 180° and Circle A from hgure 12.1 has moved with it. Cir- 
cle B is the line that currently divides day from night. If we consider a point 
on the earth for which the sun was rising in figure 12.1 and is now ex- 
periendi^ sunset, then the point must be on both Circle B and Circle A. 
The positkm is, therefore, an intersection of these two circles (one inter- 
section is for A » dawn and B^dusk, the other is for A = dusk and 
B » dawn). If we know the times of dawn and dusk and the day of year 
(which affects the tilt of the earth and thus the position of the dawn-dusk 
circles), then we can theoretically calculate the location of their intersection 
and, hence, our position. 

The standard equations used for solar navigation (Yallop and Hohen> 
keiit 1965; Nautical Almanac Office 1991) predict the time at which a solar 
event occurs for a given day of year and location on the earth. The solar 
event of interest here is when the sun is at an azimuth of 96^ (the center of 
the sun is 6^ below the horizon). This is known as civil twilight and is when 
the sun's first light appears (dawn) or last light disappears (dusk). At these 
times light level is changing fastest, so that the times of these events can be 
determined from light-level measurements most accurately. Unfortunately, 
the standard equations yield the inverse of the required information, so an 
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B 




Fig. 12.2. Circle B is new dawii/dnsk interface at 1 inie li. Circle A has rotated with 
the earth from figure 12.1. Location that had dawn at Time A and dusk at Time B 
is at the intersection of the two circles. 



iterative process is used to find the location for which predicted times of 
dawn and dusk coincide %vith measured values. 

The iterative process starts with an estimate of longitude — longitude 
(°E) = (time of midnight) X 15, where time of midnight is halfway between 
dusk time and dawn time and all times are measured in Universal Time 
(UT) or Greenwich Mean Time (GMT) — and an estimate of latitude of 
— 45" or +45**, depending on the previous position. This first guess of posi- 
tion is used to {generate dawn and dusk times, which are compared with the 
observed dawn and dusk times to produce the next location estimate. This 
process continues until the observed and predicted dawn/dusk times match 
to the desired degree of accuracy. 

SOURCES OF ERROR 

Equinoxes 

Our ability to detcrniinc latitude fails near the vernal ' or autumnal 
equinoxes, as siiown in figure 12.3. The dawn/dusk circle now passes 
through or very close to the north and south poles. This means that for all 
places on the earth, the dawn and dusk circles (A and B in fig. 12.2) will 
now be very close or overlap, and the ability to determine latitude is lost. 
This does not affect the calculation of loni^itude. (1 he location is some- 
where on the dawn/dusk circles, which are now also circles of longitude be- 
cause they pass through the poles.) The usefulness of the solar equations for 
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Fig. 12.3. At the equinoxes, dawn and dusk circles overlap, so that latitude deter- 
mination is not possible. 

caiculatine^ latitude is effectively determined by the variation of day length 
(the time between dawn and dusk) with latitude for each day of the year. If 
a small difference in day length generates a large difference in latitude, then 

position is difficult to estimate because any small error in assessing day 

length will cause a large error in the latitude determination. Conversely, if a 
large change in day length generates a small difference in latitude, then the 
position calculated will be accurate. 

The relationship between time of year, latitude, and day length is 
summarized in figure 12.4. The accuracy of a latitude determination for a 
given day and latitude is determined by the slope of day length with lati- 
tude. For example, Day 1 shows a good slope between —45° and +45* lati- 
tude, indicating the potoicial for a good estimate oflatitude, and a steeper 
slope between —60** and —45* and between +45* and +60*, indicating the 
potential for even better latitude estimates. However, at about Day 265, 
there is almost no slope except very near the poles, indicating a complete 
inability to determine latitude from day length variations. Figure 12.5 
shows an enlargement of figure 12.4 near the autumnal equinox. Note that 
between Day 252 and Day 281, the day length at both poles is 24 hours. 
This is because day length is measured from the time that the stm rises 
above 96* azimuth to when it sets below 96* azimuth (actually about 7 
months at each pole). Had we chosen an azimuth of 90*, day length would 
have changed from 0 to 24 hours (or vice versa) at both poles on the same 
day. A side effect of using an azimuth of 96* is that for Days 252 through 
281 (and for the equivalent days near the vernal equinox), a measured 
dawn and dusk time will generate two locations. The correct location must 
be chosen by comparison to previous locations. Although the quality oflati- 
tude determinations near the equinoxes is generally poor, studying the 



Copyrighted matsrial 



Fig. 12.4. Day length as a function of day of year and latitude. 




Fig. 12.5. Day length as a function of day of year and latitude near the autumnal 
equinox. 
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Fig. 12.6. Error in latitude determination caused by a 4-minute error in day length 
measurement as a function of day of year and latitude. 

gradient of day length with latitude (fig. 12.5) shows that a latitude deter- 
mination will be possible in some ranges of latitude and day of year (e.g., 
Day 249, latitude +45° to +75°). 

An alternate way of displaying this relationship between day of year, 
latitude, and day length is shown in figure 12.6. A theoretical uncertainty in 
the accuracy of a location (error) is plotted against latitude and day of year. 
The error is the range of latitude that is generated by moving dawn and 
dusk times by ± 4 minutes. An accuracy of ±2 minutes is the limit of 
accuracy in observing dawn or dusk due to atmospheric phenomenon, and 
this has been doubled to reflect other likely errors. The error in latitude has 
been truncated at 20° for clarity. The slightly skewed nature of the two 
equinox "ridges" is again caused by using a dawn/dusk azimuth of 96°; had 
we used 90°, the ridges would not be twisted. The "plateaus" between the 
ridges show the days and locations where good locations can be expected 
from a measurement of light levels. 

The simplest solution for reducing the ambiguity in latitude near the 
equinoxes is to use some other measurement to fix the latitude. The obvious 
choice is surface seawatcr temperature, which varies considerably with lati- 
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tude and is available on a week-to-week basis from a combination of satel- 
lite imagery and occanographic buoys. In the waters surrounding the 
United States, these data are compiled by the National Marine Fisheries 
Scr\ ice and the National Weather Service. Latitude is found by determining 
which locations on the known line of longitude have the measured sur&ce 
seawater temperature. 

AccimiC)^ of the Light'Level Measurments 
There are several sources of potential error in recording the light-level 
measurements, only some of which can be controlled. The time at which 
the light-level measurements were taken must be known accurately; one 
minute of inaccuracy in the estimate of dawn and dusk times will generate 
an error of 0.25° of longitude and an error in latitude of about 25% of the 
error shown in figure 12.5. To minimize the timing errors, users must care- 
fully set the recorder's clock before deployment and note any time error on 
retrieval. The analysis program must then use this error data and adjust 
all time measurements accordingly. The magnitude of the light level will 
change over many orders of magnitude between night and day, so it should 
be recorded on a logarithmic scale and carefully calibrated so that it will 
not **pcg-out** in bright sunshine or complete dark. Since one will have no 
control over the orientation of the light sensor when it is collecting data, it 
should be responsive to light over wide aisles and be positioned so that it 
will generally point up. Obviously, none of these suggestions will help if the 
study animal is on shore, on its back, and the light sensor is buried in sand. 
Such data points must be excluded at analysis time. 

Atmospheric Aberration 
Light docs not generally pass through the earth's atmosphere in straight 
lines; it bends when it encounters thermal or pressure gradients. For this 
reason, it is generally considered impossible to measure the time of dawn or 
dusk to an accuracy of greater than 2 minutes, even if one is observing the 
sun directly rather than measuring ambient light levels (C. Acton pers. 
comm.). This is a major source of error in this type of navigation; 2 minutes 
of inaccuracy in the estimate ot dawn and dusk times will generate an error 
of 0.5° of longitude and an error in latitude of about 50% of the error 
shown in figure 12.5. Some compensation for hot and cold and high and 
low pressure days can be applied to the navigational equations ii one has 
these data. 

Animal Diving at Dawn or Dusk 
Elephant seals are known to perform 20-minute dives alternating with 3- 
minute surface times for many hours at a time (Le Boeuf et al. 1986, 1988, 
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1989; Stewart and DeLong 1990; DeLong and Stewart 1991). With be- 
havior such as this, a light sensor will probably be at depth during the 
actual dawn and dusk times. The analysis of light levels must cope with this 
problem, and, generally, an interpolation technique abound the times of 
dawn or duslc will work well to determine the actual dawn or dusk times. If 
there is an extended dive at dawn or dusk (greater than 30 minutes), then 
determination of the dawn or dusk tunes will not be possible. 

Animal Moving between Daum and Dusk 
The above analysis assumes that the animal does not change its locadon 
between dawn and dusk. If it docs move, the error induced depends on the 
direction it moves. If the animal moves along Cirde A in figures 12.1 and 
12.2 between dawn and dusk, then the movement will have no effect on the 
accuracy c^the location, but the location given will be that of the animal at 
dusk, not some median position. Other directions of movement will have 
other results. Generally, large errors will only occur when the animal is 
covering large distances per day, and under these circumstances, a larger 
locational error is more acceptable. The analysis program could also mini- 
mize this error by performing the locational analysis fiv>m dusk to dawn 
(rather than dawn to dusk) when day length is greater than 12 hours. 

Tlu Equations 

The equations used to predict dawn and dusk times also contain some in- 
herent inaccuracies, as much as ±2 minutes under certain circumstances. 
I have been unable to determine for which combinations of day and latitude 
these inaccuracies are worst, but it seems reasonable that the uiaccurades 
are going to be most severe where day length changes very rapidly with 
latitude. These are the same circumstances that give us inherentiy bett^ 
locational accuracy. If this is true, then error from the equations will cancel 
some (or all) of the improved accuracy generated by rapidly changing day 
lengths. Until better equations can be provided to pre«lict dawn and dusk 
times, some allowance for errors in the equations must be made. 

Presentation of Errors 
Since both latitude and day of year will have a profound effect on the 
accuracy of the latitude determination, it is important that positions gen- 
erated firom observed dawn/dusk times be provided with error estunates. 
Ideally, all locations should be plotted on a map using rectangles that indi- 
cate the limits of the animal's position to a given level of certauity. It 
should be noted that the center of such rectangles will not necessarily repre- 
sent the likeliest location of the animal. 
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Kg. 12.7. Example of analysis program's graphical output The light-kvd curve is 
shown with markers for derived dawn/dusk times and the calculated position range. 



PRACTICAL CONSIDERATIONS 

Wildlife Computers makes TDRs with temperature- and light-sensing 
options for use on diving animals. The TDR stores suiiace-seawater- 
tcmpcrature (SST) and light-level (LL) data when the instrument is at (or 
very near) the surface. These data are decoded and used by an analysis 
program to provide locations. The SST and LL data are stored whenever 
the study animal surfaces but generally no more frequently than every 15 
minutes. These light-level data are extracted, plotted, and used to deter- 
mine the times of dawn and dusk (see hg. 12.7). We have determined that 
dawn and dusk (sun is at an azimuth of 96°) correspond to a light level 
equal to the nighttime light levrl plus 5% of the difference between the 
night and day levels, when LL data are shown on a logarithmic scale. 

It should come as no surprise that some of the errors inherent in attempt- 
ing to gcolocatc a swimming or diving animal using light levels arc un- 
avoidable. Others, such as temperature effects and interpolation require- 
ments, can be minimized in the analysis software. Our best efforts generally 
yield locations for elephant seals that arc about ± 1 degree in latitude and 
longitude. Although not as precise as one might like, these location data 
have greatly expanded our knowledge of the foraging migrations of both 
southern and northern elephant seals (DeLong, Stewart, and Hill 1992). 
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Variation in the Diving Pattern of 
Northern Elephant Seals with Age, Mass, 
Sex, and Reproductive Condition 

BurmyJ. Le Boeuf 



ABSTRACT. A principal aim of studies of northern elephant seals from the Ano 
Nuevo rookery in central Galifi»mia has been to obtun complete descriptions of div- 
ing behavior for the various stages of life fixmi weaning to adulthood. Studies were 
omducted during the period 198S-1991 using a variety of methods on known-age 
animals of both sexes at various stages of development: measurement of the free- 
ranging diving pattern using attached time-depth recorders, determination of mass 
before and after trips to sea, and measurement of physiological variables during 
homing experiments with juveniles. 

Some of the principal tindini^s and conclusions are (1) all elephant seals of" both 
sexes and all ages dive deep, long, and continuously for the entire periods that they 
arc at sea; (2) by age 2, the dive pattern is .similar to that ot adults; (3) dive dura- 
tion increases slightly with mass in nonpregnant females, but when pregnant 
females and adult males are included, the relationship weakens, indicating that 
other variables influence dive duration; (4) dive depth , is indqicndcnt of age and 
mass in animals older than 2 years of age; (5) adult males migrate farther north and 
west than females to specific foraging areas along the continental maigin, while 
females disperse more widely in the open ocean and forage en route; (6) pregnant 
females dive longer and migrate farther away from the rookery than postbreeding 
females; and (7) yearlings home reliably during the spring molt and fall rest period, 

revealing a dive patU rii likr that of friT-ranging animals and thus oirrr the oppor- 
tunity for short-term studies of diving and the measurement oi physiological vari- 
ables. 

In-depth studies <^the diving behavior of elephant seals throughout devdc^jiment 
are filling in gaps in our knowledge of the marine aspect of their natural history and 
enhancing our understanding of the biology (^diving and marine foraging. 

Complflc dive descriptions for the various stages of life from initial water 
entry to adulthood do not exist for any diving mammal. This is a serious 
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Fig. 13.1. Annual distribution of time spent on land and at sea for male and female 
northern elephant seals from birth to adulthood. SoUd bars represent time on land, 

waves represent time at sea, bars and waves represent initial water experience prior 
to departure from the rookery. B = birth, W = weaning, P (for females) = parturi- 
tion, P (for males) = puberty. Primiparity in females occurs at 3, 4, or 5 years of 
age. The numbers in the figure denote the consecutive trips to sea by each sex. 



omission. A thorough description of this kind yields vital information on life 
history, fiidlitates the understanding of body functions during diving, sheds 
light on foraging economics, and puts other dive-related processes in per- 
spective. 

One aim of our diving studies at Santa Cruz has been to obtain a de- 
scription of the divuig pattern of northern elephant seals of both sexes dur- 
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TABLE 13.1 Free-ranging dive records obtained from northern elephant 
scab at Ano Nucvo, 1983-1991. 

buhuaunt type 



BiUups Naito HiU Totals 



Weanlings 1 1 2 

Juveniles (1-2 years old) 8 8 
Adult females 

Nonpregnant 12 5 10 27 

Pregnant 2 5 7 

Adult males 6 6 



14 6 30 50 



ing all periods at sea throughout development. Except for a single trip to 
sea during the year preceding puberty, individuals of both sexes spend two 
periods at sea each year of their lives. The approximate time and duration 
of these aquatic sojourns for each sex are shown in figure 13.1. This figure 
makes clear that elephant seals are among the most pelagic of all seals. 

I summarize data from 50 dive records obtained from elephant seals at 
Ano Nuevo from 1983 to 1991 (table 13.1), paying special attention to 
variation in dive pattern with age, mass, reproductive condition, and sex. I 
also present the main results of a translocation study of yearling elephant 
seals that shows that it is feasible to study diving in elephant seals in the 
short run. My aim is to give an overview of certain aspects of the diving re- 
search from this laboratory. The treatment will be topical because of space 
limitations and because each topic will be treated in depth elsewhere. 

The general method used to collect all free-ranging dive data consisted of 
attaching a diving instrument and radio transmitter to a seal shortly before 
it went to sea and then recovering the instrument when the animal returned 
to the rookery months later (Le Boeuf et al. 1986. 1988, 1989). Instruments 
were attached to the pelage above the shoulders with marine epoxy. Nearly 
all seals were weighed before going to sea and on their return. 

GENERALIZATIONS 

The data support several generalizations about diving in elephant seals. All 
northern elephant seals of both sexes and all age groups, from weanlings on 
their first pelagic trip to sea to adults, exhibit a diving pattern characterized 
by (1) continuous diving during all periods at sea; (2) deep diving, relative 
to other pinnipeds and cetacea; (3) long-duration dives, relative to other div- 
ing mammals, interspersed with brief surface intervals (about 1/10 the 
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mean dive duration) and a few unpredictable surface intervals longer than 
10 minutes; and (4) submeigenoe for die majority of the time (83-92%) 
spent at sea. Data supporting these generalizations are summarized below. 

VARIATION IN DIVE PATTERN 

Early Development 

First Trip to Sea. On the very first trip to sea when the animals are only 
S¥t months old, both the depth and duration of dWcs are great, relative to 
other diving mammals. Two seals, a male and a female, exhibited mean 
dive durations of 9.5 and 10.5 minutes with maximum dive durations of 18 

and 22 minutes, respectively. The one animal, on whom we measured dive 
depth over a 30-day period, exhibited a mean dive depth of 206 m and a 
maximum dive depth to 553 m. These figures arc impressive, for they ex- 
ceed the aduh divins^ performance of most other pinnipeds that have been 
studied. Further details on the first diving records of these young seals arc 
found in P. H. Thorson and B. J. Le Boeuf (this volume). 

Juvenile Diving. Two-year-olds of both sexes dived to tlic same mean 
depths, in excess of 400 m, and remained submerged as long as adult males 
and females, a mean of 18 minutes or more (fig. 13.2). That is, by the end 
of the fourth trip to sea, when juveniles average 270 ± 26 kg, the adult pat- 
tern is essentially set, and 2-year-olds are accomplished divers. This has im- 
poriani implications for conducting studies of diving in the laboratory. It is 
feasible to transport juveniles but considerably more difficult to transport 
adult females whose mean nonpregnant weight is 395 ±19 kg. 

Age/Mass Effects 

Dive Duration. One expects that dive duration will scale approximately 
linearly with mass because dive duration is limited by cntygen stores (Scho- 

lander 1940; Calder 1984). In seals, oxygen stores arc determined mainly 
by blood volume and hemoglobin and myoglobin concentrations. Blood 
volume (Vb) is Hnearly proportional to body mass (Mj,), Vb= Mb'-^, and 
the relationship between mass and metabolic rate (MR), which determines 
how quickly the oxygen stores are used, is MR= Mj,^^. In elephant seals, 
hemoglobin and myoglobin concentrations increase with age (Thorson and 
Le Boeuf, this volume), and there is a high and positive correlation between 
age and mass (fig. 13.3; Deutsch et al., this volume; Clinton, this volume). 
Indeed, one expects dive duration to scale to both age and mass in post- 
breeding females because of the close relationship between these two vari- 
ables (fig. 13.3). 
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Age(yrs) 1/12 1.5 2 3-10 5-10 8-10 

Fig. 13.2. Mean dive duration and mean dive depth of free-ranging northern 
elephant seals as a function of age. 
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Fig. 13.3. The regression of mass on age in 23 postbreeding, nonpregnant female 
northern elephant seals. 
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Fig. 1 3.4. Mean dive duration as a function oi mass in 23 postbreeding, nonpreg- 
nant female northern elephant seals. 



The relationship between dive duration and mass is positive in post- 
breeding females, but the association is not strong (fig. 13.4). If one adds 
weanlings, juveniles, pregnant females, and males to the picture (fig. 13.5), 
predictability worsens at the upper end. Indeed, it is not clear whether it is 
males or pregnant females that are outstanding. The long dives of pregnant 
females contradict the logic that the fetus parasitizes the stores of the 
mother, causing a shortening of dives. Whatever the explanation, the data 
indicate that mass predicts dive duration up to a point, but other factors 
besides mass and oxygen carrying capacity affect the duration of dives. 
Dive duration does not scale in a simple linear way with mass. 

Dwe Depth, Mean dive depth does not vary systematically with mass 
(fig. 13.6), and by association, with age (fig. 13.3), in nonpregnant females. 
Similarly, there is no relationship between mean dive depdi and age across 
animals from all age categories (fig. 13.7). 

R^nducHve CmdiHon 
Pregnant females, whose diving behavior was recorded during the third 
trimester of pregnancy, had mean dive durations 39% longer than nonpreg- 
nant females (table 13.2). Each one of them had maximum dive durations 
in excess of 1 hour. Dives lasting more than 1 hour were never observed in 
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Fig. 13.5. Mean dixe duration as a function of mass in northern elephant seals 
ranging in age from weanlings to adults of both sexes. 
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Fig. 13.6. Mean dive depth of 23 postbreeding, nonpregnant female northern 
elephant seals as a function of their mass. 
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Fig. 13.7. Mean dive depth as a function of age in northern elephant seak. 



the 26 nonpregnant females that were recorded. Despite the longer dives, 
the surface intervals of pregnant females were no longer than those of non- 
pregnant females. Moreover, pregnant females exhibited slower dive rates 
and spent less time at the surface than nonpregnant females. These differ- 
ences were even more prominent in three females that were recorded in 
both conditions. DiHerenccs of similar magnitude have been observed in 
southern elephant seals, M. leonina (Hindcll 1990; Hindell et al. 1992; Slip, 
Hindell, and Burton, this volume). 

Why do pregnant females dive longer than nonpregnant females? One 
reason might be that it takes pregnant females longer to reach the same 
depths, the deep waters where prey are located. Pregnant fonales have a 
greater lipid composition than nonpregnant females (36% vs. 24%, on 
average), which makes them more buoyant; increased buoyancy implies 
greater diving effort and time to reach depths. This is suggested by M. A. 
Hindell's (1990) observation that pregnant and nonpregnant females do 
not differ in the duration spent at the bottom of dives; the differences are in 
descent and ascent duration. 

The proximate mechanisms enabling pregnant females to dive longer 
than nonpregnant females must be either greater oxygen availalnlity or 
reduced demand for oxygen. Pregnant female mamroab are said to have 
about 40% more blood than nonpregnant females; however, it is not clear 
how much of this extra blood is involved in nurturing the developing fetus. 
Alternatively, pregnant females may have lower metabolic rates than non- 
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pregnant females. A preliminary observation consistent with this statement 
is that the horizontal swim speed of females during migration is significantly 
slower during the third trimester of pregnancy than when they are not 
pregnant (51.5 km vs. 75.0 km per day; t = 2.62, df ~ 2, p < .05). D. Renouf 
et al. (1991) report that gray seals, Haikkoerus grypusy have lower resting 
metabolic rates when pregnant than when nonpregnant. 

It is also possible that the difficrences in dive durations of pregnant and 
nonpregnant females reflect a change in prey or its availability (Lyons 
1991). Pregnant females migrate farther away from the rookery than non- 
pregnant females, but much of the same route is traveled (see below). The 
diving records under both conditions are similar and offer no obvious evi- 
dence for this hypothesis. 

Sex 

Do the sexes differ with respect to diving pattern and migratory path? The 
great sexual dimorphism in this species makes this an interesting question: 
What arc the bioenergetic consequences of extreme sexual dimorphism in 
size, especially with respect to foraging behavior? 

Dive Pattern. Male*; and frmah s have similar cll\r patterns, except that 
males dive approximately 180 m less deep than nonpregnant females, on 
average (tabic 13.2, fig. 13.2; see also DcLong and Stewart 1991). The max- 
imum depths we have recorded arc 1,503 m for a 5-year-old subadult male 
and 1,273 m for a 4-year-old female. 

The shallower dive pattern of males relative to females is due mainly to a 
single sex difference in diving pattern (Lc Bocuf ct al. 1993). The most com- 
mon dive type in the records of females appears to serve pelagic foraging 
(Le Bocuf et al. 1988, 1992); these dives arc characterized by direct descent 
to depth, with several vertical excursions al the bottom of the dive, followed 
by direct ascent to the surface. Males exhibit these dives, too, but their 
most frequent dives arc flat bottomed with a mean depth of 331 ± 213 m. 
Females do not exhibit these dives or do so only rarely. The dive shapes 
and the locaiion in which they occur suggest iliat males arc pursuing bcn- 
thic prey on the edge of the continental shelf or on seamounts or guyots. 
Because males are much larger than females (Deutsch et al., this volume), 
their daily energy requirements are approximately three times greater than 
those of females. Benthic prey might provide the additional energy a male 
requires, or it might be that it is less costly for males to catch these prey. 
Thb hypothesis is consistent with reports that males but not females feed 
on cydostomes and elasmobranchs (Gondit and Le Boeuf 1984; Antonelis 
et al., this volume). What prevents females from doing the same thing? Two 
reasons come to mind. They may not be large enough to capture benthic 
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prey, or it may be more costly for females to migrate to the places where 
these benthic prey are located. 

Migralmy Routes. To determine migratory routes and possible foraging 
areas, we attached geographic location, time-depth recorders (GLTDRs) to 
21 animals: 9 postbreeding, nonpregnant females; 5 [>ostmoIt, pregnant 
females (3 of which were also recorded as postbreeding females), 6 males (3 
adults of age 10 or over and 3 subadult males, 5-6 years of age), and I 
juvenile fonale, 1.4 years of age, on its third trip to sea. A photocell in each 
GLTDR recorded light levels, providing estimates of the time of sunrise 
and sunset as the animal traveled across latitudes and longitudes; from 
these data, an algorithm calculated geolocation (DeLong, Stewart, and Hill 
1992; Hill, this volume). Geolocation estimates of latitude were adjusted in 
accordance with sur&ce temperatures recorded by the GLTDR matched to 
mean sea surface temperature locations compiled semimonthly from satel- 
lites by the National Meteorological Center of the National Weather Ser- 
vice (Ashviile, N.C.); that is, no geolocation estimate was accepted unless it 
vfM consistent with the surface temperature in the area. Recent validation 
experiments of geolocation from GLTDRs against a ship's Global Position- 
ing System (GPS) off the coast of British Columbia, Canada, in June and 
July 1992 indicate that light-level estimates have a southerly bias (S. Black- 
well and B. Le Boeul^ unpubl. data). 

Despite the error associated with light-level estimates of location (Hill, this 
volume), preliminary data reveal that both adult males and postbreeding 
females migrated long distances and the migratory paths of the sexes over- 
lapped in the eastern Pacific, especially along the coast up to about 58°N 
Lat. (fig. 13.8). The most northerly and most westerly migrations were 
undertaken by males. One adult male traveled as far as the eastern Aleu- 
tian Islands in southern Alaska, a round-trip migration of approximately 
7,500 km; two others remained near the coast and went no farther north 
than about 49 dq^rces, near the state of Washington. Postbreeding females 
moved in a broad expanse of the eastern Pacific, from near the coastline to 
as far west as 150°W Long. The longest round-trip migrations of postbreed- 
ing lemalcs were about 4,86b km. The juvenile female H iiv elcd far nurih into 
the Gulf oi Alaska, exceeding the distances traveled by most postbreeding, 
adult females. 

Pregnant females had minimum round-trip migrations of about 3,900 to 
6,800 km. Three of them, recorded when pregnant as well as nonpregnant, 
took similar routes under both conditions (fig. 13.9). The distance traveled 
during these biannual migrations was always less during the nonpregnant 
period. 
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170 160 150 140 130 120 110 

Fig. 13.8. Migratory dcstinadon or location at die end of reoordii^ of 6 breeding- 
age males (open circles), 9 postbreeding females (vertically hatched drcles), and 1 
juvenile female (J) that went to sea at Ano Nuevo. California. The migratorv' paths 
of males arc shown in the uiihatched area; those of females are shown by horizontal 
hatching;. The ultimate locations were derived from tracts plotted every two days as 
illustrated in tigure 13.9. 



The data suggest several points that merit further study: 

1. Geolocation by light levels— corrected with sea surface tempera- 
ture — is not accurate enough to place a seal in a specific location, 
such as correlating location with bathymetry, but it is sufficient for 
showing general migration direction and distance. 

2. The data presented here, along with more recent findings (Le Boeuf 
et al. 1993) and reports of other investigators (DeLong and Stewart 
1991; DeLong, Stewart, and Hill 1992; Stewart and DeLong, this 
volume), provide evidence of sex differences in foraging behavior. 
Adult males migrate to the northern edge of the North Pacific from 
the state of Washington west to the eastern Aleutians; they move 
directly to a foraging area, as defined by concentrated diving in this 
vicinity for up to two months. The migrations of adult females are 
more removed fit>m the continental margins and are characterized by 
steady movement in the open ocean in the general range of 44-52^ 
lat.; females do not forage in narrowly focused areas but forage stead- 
ily en route. Differences in the fi^quency of dive types suggest that 
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Fig. 13.9. Siinilaiity in the migratory paths (^females when pregnant (third trimes- 
ter) and not pregnant (postbreeding period at sea). The pregnant period induded 
the months November, December, and mid-January; the nonpregnant period in- 
duded March, April, and mid-May. The records of pregnant females begin at 
roughly the furthest point from Ano Nuevo; during the postbreeding period, the re- 
cords begin at Ano Nuevo and end at or near Afio Nuevo. A third female, "B857," 
followed a similar ruuie during both trips to sea; her record is not shown because it 
overlapped with that of the female '"Renee." 

males are diving in areas where they can reach the bottom and 
that females are diving in the water column in deeper water (Le 
Boeuf et al. 1993); however, the geolocation data available are too im- 
predse to test this hypothesis. 
3. Adult seals from Ano Nuevo migrate to the same general areas as 
adult seals from San Miguel Island, located 450 km south of Aiio 
Nuevo (DeLong and Stewart 1991; DcLoiig, Stewart, and Hill 1992; 
Stewart and DcLong, this volume; Lc Bocuf et al. 1993). This sug- 
gests that seals from other rookeries in Mexico and California might 
do the same. This would make for considerable mixing of animals 
during the foraging periods and would make reassortment on their re- 
turn to their respective rookeries all the more interesting. 

Homing and Translocation 
The study of elephant seal diving has revealed a diving pattern that is un- 
usual and difficult to explain with current theory that accounts well for the 
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diving behavior of the shallower-diving sea lions and fur seals (Le Boeuf ct 
al. 1988). How, for example, can elephant seals spend so little time on the 
surface following dives lasting over 1 hour? The diving pattern of elephant 
seals is evidently adapted to spending much of the year at sea and iiiost of 
time at sea underwater. This regimen, however, is a problem for an investi- 
gator who wants to understand the physiology of diving by conducting 
short-term experiments of the type that have proven so successful with Wed- 
dcll seals, Leptonychotes weddelli (Kooyman 1981; Guppy ct al. 1986; Qvist et 
al. 1986; Hill et al. 1987). With this practical application in mind, my 
graduate students and I set out to determine if elephant seals translocated 
from Ano Nuevo would home quickly and reliably. 

Recent studies conducted with Guy Oliver, Pat Morris, and Phil 
Thorson showed that 43 of 45 juveniles, 1 Vi- to 2-year-olds of both sexes, 
translocated from the Ano Nuevo rookery in the spring when molting and 
in the fall when resting to release sites on a beach or at sea up to 70 km 
away returned "home ' to the rookery. Most of the translocated animals 
wore radio transmitters that facilitated reidentification and determination 
of the time of return; the two exceptional animals bore no radios and may 
have returned but were overlooked. Nearly all returnees were back on the 
rookery within 1 to 7 days. 

Sixteen of the translocated animals bore time-depth recorders. When 
these animals were released in a place where they had to traverse deep 
water to return to the rookery, a deep diving pattern indistinguishable 
from free-ranging diving was observed. We have subse(|uently used this 
paradigm to conduct doubly labeled water studies (D. Cosia and B. J. Le 
Boeuf, unpubl. data), measure swim speeds (P. Thorson, G. Kooyman, 
and B.J. Le Boeuf, unpubl. data), and record heart rale and EKG during 
diving (R. Andrews, unpubl. data). This paradigm should facilitate short- 
term studies of diving, especially physiological studies of diving requiring 
completion in a day or two. 

CONCLUSION 

The study of free-ranging diving of marine mammals is developing last. At 
the marine manmial conference in Chicago in December 1991, there were 
24 talks dealing with 18 spedes that were instrumented with radio trans- 
mitters, satellite tags, or time-depth recorders or that were tracked with 
sonar: II pinnipeds, 6 cetacea, and the manatee. Increasingly sophisti- 
cated microcomputer time-depth recorders with more channels and larger 
memories are generating a wealth of detail about the diving behavior of 
pinnipeds. In the near future, it is anticipated that GPS devices will be 
attached to seals, permitting precise location of the animals during their 
migrations. Thb technology is now being transferred to cetacea. 
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The incoming data on elephant seals show that variation in dive pattern 
with age, sex, and reproducdve condition as well as individual differences in 
foraging location can be substantial. Parametric studies taking this varia- 
tion into consideration will be necessary to obtain a thorough understand- 
ing of the marine aspects of an animal's natural history. Satellite monitor- 
ing of the migratory path and diving pattern of juveniles during the first 
trip to sea may elucidate the causes of high at-sea mortality. 

We arc on the verge of learning much about the free-ranging dive pat- 
tern of elephant seals, as well as other diving mammals, and about diving 
biology in general. Studies of the underlying mechanics of the diving pat- 
tern of diving mammals is a fertile held for future investigation. 
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Diving Behavior of Southern Elephant 
Seals from Macquarie Island: 
An Overview 

David J. Slip, Mmk A, Hindell, and Harry R. Burton 



ABSTRACT. Results from 84 deployments al time-depth recorders on southern 

dephant seals, Mimtnga Uonina, at Macquarie Island are discussed. Witb km and 
fiulure of instruments, data %vere ooUectod from 31 seals: 14 postmolt females, 9 
postbreeding females, 3 postmolt males, and 5 postbreeding males. 

Water temperature data, also collected by the diving instruments, indicated that 
the major foraging areas of adult elephant seals from Macquarie Island were located 
in Antarctic waters and that males used areas over the Antarctic continental shelf, 
while females tended to inhabit deeper. oiSshore waters. Some individuals of either 
sex, however, spent the majority of their time in warmer waters associated with the 
Antarctic Polar Front or over the northern Campbell Plateau. Approximately 90% 
of the time at sea was spent submerged, with times on the surface generally less 
than 10 minutes. 

live characterisdc dive types were identified, the most common of wfaidi were 
type 1 and type 2 dives. Both types are characterized by rapid descent to a depth 
Mowed by a protracted time at that depth interspersed with a number of small 
'Snggles,'' in turn ibttowed by a rapid ascent to the surface. Type 1 dives exhibited 

marked diurnal variadon, while type 2 div es shov\ed no such variation and were 
usually in kmg sequences of very similar de pths. We interpret type 1 as pelagic 

forajring dives and type 2 as benthic foraping dives. Type 2 dives were almost exclu- 
si\ (-K made by males while over the continental shelf. Type 1 dives were made by 

all animals. 

The majority of dives made by southern elephant seals are characteristically 
deep (maximum depth * 1,430 m) and long (maximum duration « 120 min.). Esti- 
mated aerobic dive limits (ADL) were rarely exceeded by males or postlnneeding 
females, but 44% of all dives made by postmolt (and, therefore, gestatii^) females 
exceeded ADL. Fenudes in the last two trimesters of gestation peiformed the longest 
dives and most often exceeded ADL, suggesting that the estimated ADL is being 
underestimated in these animals and that these animals are making physiological 
adjustments that increase oxygen stores or reduce oxygen consumption. 
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Although much is known of the onshore behavior of the southern elephant 
seal (e.g., Carrick Csordas, and Ingham 1962; Ling and Bryden 1981; Hin- 
dcU and Burton 1988), it is only recently that thdr aquatic behavior has 
come under investigation. Studies of diving in free-ranging seals are becom- 
ing increasingly common with the development of more sophisticated tech- 
nology (e.g., Gentr>' and Kooyman 1986; Le Boeuf ct al. 1988, 1989; Boyd 
and Arnbom 1991; Hindcll, Burton, and Slip 1991; Hindcll, Slip, and Bur- 
ton 1991; Hindcll ct al. 1992). Studies such as these describe diving in rela- 
tion to potential prey distribution, foraging range and movement patterns, 
and the diving performance in terms of physiological implications. 

The southern elephant seal is a major predator of squid and fish in the 
Southern Ocean ecosystem (Laws 1977). Ncvcrlhelcss, the diet of the 
southern elephant seal is one of the least known of the marine mammals of 
the Southern Ocean, with studies based on stomach samples collected while 
seals were ashore for their annual breeding or molting haul-outs (Laws 
1977; Clarke and MacLeod 1982; Green and Williams 1986). Diflu uitirs in 
collecting dietary samples from southern elephant seals near their main forag- 
ing areas prevent us from constructing a complete picture of the feeding 
ecology of one of the major vertebrate consumers of the Southern Ocean. 

The annual cycle of adult southern elephant seals has two distint t aqua- 
tic phases: one postbrccding and one postmolt. Females come ashore to 
breed on subantarctic islands between September and November, whereas 
breeding males are ashore between August and December (Linu; and 
Bryden 1981; Hindcll and Burton 1988). After giving birth and weaning a 
pup, females spend about 10 weeks at sea feeding before returning to shore 
to molt in January and February. Adult males spend 12 to 14 weeks at sea 
feeding before returning to molt in mid-March. The molting process takes 
about 4 weeks, after which the seals return to sea until the following breed- 
ing season. By deploying time-depth recorders (TDRs) on adult male 
and female southern elephant seals as they leave Macquarie Island (lat. 
54^5'S, long. 158*'55'£) for the postbreeding and postmolt period at sea» 
we have been able to gain insight into their diving behavior that has added 
to out undertanding of their potential diet, foraging behavior, and move- 
ment patterns, ail of which are crucial to understanding the role of the 
southern elephant seal in the Southern Ocean ecosystem. These studies 
have also raised some interesting questions regarding mammalian diving 
physiology. 

In this chapter, we present an overview of our current knowledge of the 
diving behavior of the southern elephant seal at Macquarie Island with re- 
spect to their movement patterns, diving patterns, and physiology. 
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DEPLOYMENT AND RECOVERY OF RECORDERS 

Time-depih recorders from Wildlife Computers were deployed on adult 
male and female southern elephant seals at Macquarie Island in 1988 and 
1990. These units were microprocessor-controlled recording units equipped 
with pressure transducer, temperature probe, and internal clock. In addi- 
tion, 50% of the units deployed in 1990 were equipped with a light-sensing 
geolocation option (DeLong Stewart, and Hill 1989). The movements of 
two adult males were determined in 1990 and 1991 using platform trans- 
mitter tenninab and the Argos satelHte-based location and data collection 
system. Seals were sedated using a combination of ketamine hydrochloride 
and either diazepam or xylazine (see Woods, Hindell, and Slip 1989). The 
units were attadicd to the seals using quick-setdng epoxy (Araldite K26B 
road-marker adhesive, Ciba-Geigy), and a radio transmitter was attached 
to the TDR to fiidlitate the recovery of the units. Each complete package 
weighed approximately 3 kg (see fig. 14.1). 

Eighty-four TDRs have been deployed on southern elefdumt scab at 
Macquarie Island. In 1988, 6 and 13 units were deployed on postmolt 
males and females, respectively; 10 units were deployed on postbreeding 
males; and 10 were deployed on postbreeding females. In 1990, 13 and 12 
units were deployed on postmolt males and females, respectively; 10 units 
were deployed on postbieeding males; and 10 were deployed on postbreed- 
ing females. The TDRs were programmed to record depth every 30 seconds 
and temperature every 300 seconds, a sampling protocol that allowed for up 
to 80 days of continuous recording. The units that were deployed on post- 
molt animals were programmed to begin recording at different intervals to 
cover the entire period the seals were at sea. Recorders began sampling in 
February, April, or June. Postbreeding females were at sea for about 70 
days and postbreeding males for about 100 days, so recording began as the 
animab Idt Macquarie Island. 

The recovery rate of recorders varied between sexes and time of year. 
The recovery rate was slightly higher for females than for males. Return 
rates were 68% for postmolt females and 55% for postbreedii^ females. For 
males, return rates were 47% and 40% for the postmolt and postbreeding 
periods, respectively. In addition, electronic foilures reduced the number of 
sttccessM recoveries to 16% and 56% for postmolt males and females and 
25% and 45% for postbreeding males and females. 

LOCATION OF ANIMALS 

The location of the foraging areas of southern elephant seals was initially 
estimated by examining the sea surface temperatures recorded for each 
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animal. These temperatures provided sufficient resolution to distinguish 
three general r^ons: cold Antarctic waters with sea surface temperatures 
less than 0°C, warmer subantarctic waters with sea sur&ce temperatures 
greater than 4°C, and a midregion that we term "convergence" waters which 
corresponds to the region around the Antarctic Polar Front (APF), where 
sea surface temperatures are above 0°C but generally do not exceed 4°C. 

To estimate the areas of the ocean where the seals were located with 
greater resolution, the daily sea temperature/depth profiles were examined 
for each animal and matched with detailed oceanographic data for the 
Southern Ocean (Gordon and MohneUi 1982). Full details of this technique 
for estimating foraging areas arc given in M. A. Hindeil, H. R. Burton, and 
D.J. Slip (1991). The accuracy of this technique is entirely dependent on 
the accuracy of the oceanographic data and thus may be subject to some 
error. 

Although the estimated foraging areas were different for males and 
females, the major foraging areas of adult southern elephant seals were lo- 
cated in the cold Antarctic waters, with other areas located along the APF, 
and in warmer subantarctic waters north to about 50°S. W\ five postbreed- 
ing males showed temperature/depth profiles consistent with being in Ant- 
arctic waters. Comparisons with oceanographic data identified three 
regions of the Southern Ocean, all close to the Antarctic continent (hg. 
14.2a). 

Posimoll males appear to have three distinct lorat^inu; areas: two close to 
the Antarctic continent, and one in the warmer subantarctic waters close to 
Campbell Island {fig, 14.2b). The estimated forat^ing areas of adult males 
close to the Antarctic coast and the area close t(j Campbell Island were over 
shelf waters with depths of between 500 and 1,000 m. 

The foraging areas of postbreeding females were either in Antarctic 
waters or close to the .\PF. The svwn females that mosed south to colder 
waters had temperature/depth profiles consistent with three discrete areas 
located close to the Antarctic coast but fiiriher north than ilie areas esti- 
mated for adult males (fig. 14.2a). One of these females remained in Antarc- 
tic waters for about four weeks before it moved north and spent about 
three weeks in the warmer waters around the APF. Only tw^o postbreedmg 
females did not move into Antarctic waters, and the tempcraiure/depih 
profiles for these animals were consistem with the oceanographic profiles 
of an area around the APF (fig. 14.2a). The temperature/depth profiles for 
postmolt females were consistent with three areas in Antarctic waters and 
one area around the APF (fig. 14,2b). The three areas in Antarctic waters 
were to the north of the estimated locations of the postmolt males, in water 
of depths greater than 1,000 m. Nine postmolt females had profiles consis- 
tent %vith these areas of Antarctic waters. Two postmolt females had 
temperature/depth profiles consistent %vith being north of the APF, one had 
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profiles consistent with waters to the south of the APF, and two had profiles 
consistent vrith being close to the APF, at times crossing it. 

Subsequent satellite telemetry data from two male southern elephant 
seals arc consistent with the estimations made from seawater temperatures, 
with one animal located in the Ross Sea and another located to the north- 
west of Campbell Island (unpubl. data). Preliminary analyses of geo- 
location data for males and females are also consistent with the estimations 
made fix>m seawater temperature. 

DIVE PATTERNS 

All seals began diving as soon as they left Macquaric Island and dived 
almost continually throughout the recording period. The shelf around Mac- 
quarie Island extends only a few kilometers out to sea, so seals could begin 
deep diving within a few hours of leaving the island. 

Approximately 90% of total time at sea was spent diving, and a dive rate 
of about 2.5 dives per hour was maintained throughout the oitire period 
at sea. Approximately 99% of surface times between dives were of less than 
10 minutes duration, with means ranging from 2.1 to 4.1 minutes fi)r in- 
dividual seals. Surface intervals longer than 10 minutes were defiiwd as 
extended surface intervals (Le Boeuf et al. 1988) and generally occurred 
at higher frequencies at about the time the seals reached their foraging 
grounds. Extended surface intervals were more common at higher latitudes. 

All seals that moved into Antarctic waters, both males and females, were 
recorded to haul out of the water for intervals of up to six hours two to 
three weeks after leaving Macquarie Island. It seems likely that these haul- 
outs were made onto ice floes, as few beaches are available in the areas in- 
dicated by the tempdrature profiles. Most of these scab made three to dg^t 
short haul-outs (usually less than three hours) over the recording period. 

CHARACTERIZATION OF DIVE TYPES 

Six charactcrisiic dive types and the general form of the dive profile have 
been identified by principal component analysis (sec Hindeil, Slip, and 
Burton 1991). Typical examples of five of these dive types are illustrated in 
figure 14.3 (type 5 dives are rare; see below). Within these six dive types, 
there are two discrete groups of dives; those with more than one minute at 
the maximum depth, which were interpreted as foraging dives (types I and 
2) and were the most comiTion, constituting about 75% and 78% of total 
time at sea, respectively, for males and females, and those with less than 
one minute at the maximum depth, which were interpreted as nontoraging 
dives (types 3, 4, 5, and 6). The high proportion of type 1 and type 2 dives 
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Fig. 14.3. Examples ol dive types of the southern elephant seal. 



is consistent with (braging dives, as elephant seals build up fat reserves 
quickly while at sea for reproduction and molting purposes. 

Type I Dives 

These dives were characterized by a rapid descent, followed by a period at 
the base of the dive containing shorter ascents and descents or ''wiggles,** 
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prior to a rapid ascent to the surface (fig. 14.3). The depth and duration of 
these dives were variable, but they were generally of depths ranging from 
300 m to 700 m (mean = 426 ± 177 m), with a mean of 1 1.3 ± 4.7 minutes 
between the end of descent and the beginning of ascent. Males and females 
spent different proportions of total time at sea on type 1 dives (35.9% for 
males, 77.6% for females). Females showed a marked diurnal pattern in the 
maximum depth, with type 1 dives becoming 200 to 400 m shallower at 
night. In males, a less pronounced diurnal pattern of depth occurred when 
the seals were close to Macquarie Island, but there was little evidence of 
any pattern of depth in these dives as the seals moved to higher latitudes or 
when they were over the Campbell Plateau. 

We interpret these dives as pelagic forajring dives while the seals were 
foraging for prey characterized by diurnal vertical migrations. These dives 
arc analagous to the Type D dives described for the northern elephant seal 
(LeBoeufetai. 1988). 

Type 2 Dim 

These are characterized by a rapid descent followed by an almost flat 
period at depth with relatively few, short "wiggles" and a rapid ascent to 
the sur&ce. These dives generally occur in bouts lasting about 18 hours, 
with little more than 10 to 20 m variation in depth between consecutive 
dives. Males spent 39% of total time at sea undertaking type 2 dives, but 
this type of dive was rarely seen in females, constituting only 0.5% of their 
total time at sea. 

We interpret these dives as benthic foraging dives. In support of this 
interpretation, these dives were generally of depths ranging from 450 to 
550 m (mean = 486 ±83 m), with a mean of 13.9 ± 5.1 minutes spent at 
the bottom of the dive, and occurred over the Antarctic continental shelf 
and over the Campbell Plateau where water depths are around 500 m. 
When type 1 and type 2 dives occurred in the same area, type 1 dives were 
never deeper than type 2 dives, and when a series of type 2 dives occurred, 
no deeper dives were ever seen within the series, suggesting that the ocean 
floor limited the depth to which seals could dive. y 

TjptSDiMS 

These are characterized by a short, rapid period of descent to a depth 
usually greater than 200 m, followed by a longer period of slow descent that 
occupied most of the dive, then a rapid ascent to the surface. These dives 
generally occurred in bouts of at least two dives and accounted for 4% of 
time at sea. The shape of these dives is consistent with the seals conserving 
eneigy by resting or sleeping, with the slower phase of descent resulting 
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from a cessation of active swimming. Northern eiq>hant seals are also be- 
lieved to sleep underwater (Le Boeuf et al. 1988). 

When seals were located in the more northerly areas of their range, a dis* 
tinct pattern emeiged: type 3 dives occurred in the early hours of the morn- 
ing. This pattern was less pronounced at higher latitudes. There was con- 
siderable individual variation in the pattern of these dives, with some seals 
exhibidng a fairly regular 24-hour cycle over several weeks, while others 
were more erradc and did not undertake type 3 dives every day. 

Type 4 Dives 

These dives are a simple parabolic shape. They occurred predominantly in 
the first two to three weeks after the animals left Macquarie Island and 
appeared again as the animals approached Macquarie Island. This sug- 
gests that the function of these dives may simply be travel, as apparent 
velocities of between 80 and 240 km per day have been recorded by satellite 
for male southern elephant seals over the first three weeks after leaving 
Macquarie Island (unpubl. data). This type of dive had a mean depth of 
343 ± 133 m and a mean duration of 20.4 ± 6.8 minutes. Seals spent 1.9% 
of total time at sea undertaking these dives. Why elephant seals would dive 
so deeply with no purpose other than travel is unclear. It mav be that it 
is a predator avoidance strategy. Killer whales are the major predator of 
elephant seals (although sharks may also be important in the northern part 
of their range), and it may be that by maximizing the time they spend at 
depth, elephant seals reduce the risk of encountering these animals. There 
may also be an exploratory nature to these dives, and if prey are encoun- 
tered, the animal may take advantage of this and forage. This interpreta- 
tion is supported by the occurrence of, generally, type 4 dives in series that 
were sometimes punctuated by type 1 foraging dives. The occurrence of 
composite dives (see type 6 dives below) suggests that seals can change 
from one type of dive to another in mid-dive. 

Type 5 Dives 

These are short, shallow dives of less than 1.5 minute duration and are 
rare, accounting for 0.4% of total dme at sea. The purpose of these dives is 
unclear. It may be that they are an artifact of the sampling protocol. 

These dives are quite variable in form, including simple spike dives and 
dives that may be composite dives, and do not fit into the above catego- 
ries. They are the most common group of nonforaging dives, accounting for 
7.2% of total time at sea. Type 6 dives had a mean depth of 485 ± 249 m 
and a mean duradon of 19.5 ± 6.7 minutes. The large variance associated 
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with mean depth was accounted for by the very deep dives that were usu- 
ally simple spikes. 

These dives probably have several funcdons, including exploration and 
escape from predators. A composite dive might occur if a foraging dive is 
interrupted by the threat of a predator or if prey is discovered during a 
travel or exploratory dive. 

MAXIMUM DEPTHS AND DURATIONS 

There was considerable individual variation in mean depth of dive, ranging 
from 269 ± 159 m to 389 ± 175 m, and in mean duration of dive, ranging 
from 16.0 ±7.9 minutes lo 36.9 ± 11.5 minutes (tabic 14.1). 

The maximum dive depth recorded was 1,430 m by a postbreeding 
female (table 14.1). Although dives to such depths are relatively uncom- 
mon, constituting less than 1% of all dives, most seals undertook some very 
deep dives; 87% of females and 63% of males recorded dives of over 900 m 
in depth. This difference between the sexes might be a result of males forag- 
ing in shallower waters than females. The very deep dives were type 6 
dives, generally a simple deep spike. These can occur in the middle of a set 
of type 1 or type 4 dives and are generally single deep dives. However, 
deep dives of over 1,000 m can occasionally occur in bouts of 3 to 10 dives 
over several hours. The functions of these deep dives are unclear, although 
possible explanations include avoidance of predators, exploration, or chas- 
ing prey. 

Most seals undertook at least some dives with duration time u;reater than 
50 minutes, and the longest dive duration recorded was 120 minutes by a 
postbreeding female (table 14.1). The longest male dive was 88.5 minutes. 
A full description of the 120-minute dive is given in HindcU ct al. (1992). 
Long duration dives were generally type 6 composite dives. Their function 
might have been, for example, to escape an attack by a predator following a 
bout of foraging. These long dives do not appear in consistent patterns, 
occurring at any time during the course of a bout of more moderate dives. 
The only other phocid known to dive for as long or as deep is the northern 
elephant seal ( Lc Bocuf ct al. 1988, 1989). 

Given the similarities in morphology and life cycles of the two species of 
elephant seal, it is hardly surprising that there are many similarities in 
diving behavior between the southern elephant seal and its northern cogeni- 
tor. Adult southern elephant seals show a general pattern of continuous, 
prolonged deep diving. On leaving Macquarie Island, type 4 or traveling 
dives were common, interspersed with some type 1 pelagic foraging dives 
and occabional type 3 resting dives. After two to three weeks, the animals 
appeared to reach their foraging grounds, and females settled into a pattern 
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DIVING AND FORAGING 
Mean depth and duration of dives for each seal. 



Depth (m) Duration (min) 



Siol 

WW 


OCX/ 

DihlomuHt 


(kg) 


M±SD 


Maxi 


M±SD 


May. 


N 


857 


PMF 


402 


476 ±197 


1056 


29.1 ±8.4 


58.6 


1,881 


1419 


PMF 


362 


552 ±207 


1022 


30.9 ±8.0 


78.5 


2,836 


1423 


PMF 


342 


432 ±151 


1256 


33.7 ±13.6 


120.0 


1.362 


1432 


PMF 


320 


269 ±159 


856 


16.0 ±7.9 


54.5 


4,179 


1440 


PMF 


422 


396 ±212 


968 


36.9 ± 11.5 


78.5 


2,386 


3178 


PMF 


333 


573 ± 195 


1134 


25.7 ± 6.6 


52.0 


3,927 


3184 


PMF 


387 


355 ± 157 


758 


28.8 ± 9.0 


76.0 


3,512 


3186 


PMF 


278 


446 ± 143 


1044 


20.1 ±5.5 


68.0 


4,920 


3187 


PMF 


304 


380 ± 147 


1158 


21.7 + 6.7 


53.5 


4,431 


3189 


PMF 


282 


296 ± 150 


812 


18.3 ± 7.7 


55.5 


5,071 


3191 


PMF 


339 


425 ±170 


1430 


19.9 ±4.9 


56.5 


2.577 


3193 


PMF 


400 


391 ± 176 


928 


28.9 ±9.8 


79.5 


2,455 


31% 


PMF 


430 


456 ±174 


938 


32.2 ±9.1 


96.5 


2.554 


3200 


PMF 


392 


357±119 


1046 


35.4 ±8.2 


66.0 


2,353 


905 


PBF 


295 


382 ± 166 


991 


21.4 ±6.6 


66.0 


4.458 


1918 


PBF 


422 


589 ± 166 


1152 


21.4±6.6 


53.0 


4,554 


1930 


PBF 


462 


301 ± 1G6 


91 1 


21.3 ± 5.3 


50.0 


4,232 


1938 


PBF 


366 


490 ± 169 


1100 


22.315.0 


42.0 


4,514 


1948 


PBF 


425 


347 ± 154 


918 


19.5 ±6.8 


52.5 


4,568 


6020 


PBF 


390 


521 ± 167 


978 


21.1 ±5.1 


57.0 


3,542 


6010 


PBF 


344 


547 ±188 


1004 


20.7 ±4.3 


60.0 


3,693 


6012 


PBF 


367 


420±136 


1118 


17.0 ±3.5 


40.5 


5,234 


6002 


PBF 


298 


414 ±151 


1218 


19.0 ±4.5 


54.0 


3,809 


1475 


PBM 


1711 


438 ± 137 


1130 


25.2 ± 6.4 


63.0 


3,836 


1963 


PBM 


2122 


426 ± 154 


798 


21.6 ±6.3 


88.5 


4,462 


1969 


PBM 


1657 


401 ±87 


842 


27.6 ±6.1 


62.5 


3,654 


6018 


PBM 


2143 


526 ± 248 


1210 


26.7 ±6.4 


73.5 


3,400 


6033 


PBM 


1733 


463 ± 144 


1018 


22.3 ±5.5 


67.5 


4,407 


4004 


PMM 


1275 


390 ±173 


1282 


22.0 ± 7.7 


78.5 


3,213 


4017 


PMM 


2008 


560±145 


846 


31.9 ±5.1 


59.5 


3,150 


1453 


PMM 


3600 


313 ±224 


1129 


22.1 ±1.1 


78.5 


3,453 



note: PMF = postmolt female, PBF = postbreeding female, PMM — posunolt male, PBM = 
postbrecding male, N = number of dives. 



of type 1 pelagic foraging dives for most of the day, with a few hours of type 
3 resting dives occurring in the early morning. The type 1 pelagic foraging 
dives became shallower at night, probably following the vertical migration 
of prey species. After males reached their foraging grounds, the general 
diving pattern was composed of up to 21 hours each day of type 2 benthic 
foraging, broken by a few hours of type 3 resting dives in the early hours of 
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the morning. As the males and females returned to Macquarie Island, the 
most common dives were type 1 pelagic foraging dives and type 4 traveling 
dives. 

PHYSIOLOGICAL IMPLICATIONS 

The diving behavior of the southern elephant seal has some interesting 
physiological implications, as the animals dive continuously and deeply and 
remain submerged for long periods. An examination of the duration and 
depths of dives showed that postmolt females had significantly longer dive 
durations than postbrceding females, but there were no significant differ- 
ences in dive depth between postbreedii^ and postmolt females (see fig. 
14.4). When the data were pooled over years, it was possible to compare 
mean dive duration among four recording intervals — the three trimesters of 
pregnancy and the postbrceding period. 

Seals recorded over the first trimester of pregnancy (February /April) 
and those recorded during the postbrceding period (November/January) 
had mean dive durations that were shorter than for those seals recorded 
over the second (April/June) and third (June/August) trimesters (fig. 14.5). 
However, mean dive depth and mean time spent at the bottom of the dive 
were not different among periods, suggesting that the longer dive duradons 
were a result of slower ascents and descents. 

When the theoretical aerobic dive limit (ADL) was calculated for each 
female using the equation ADL = (Lean Mass X T02)/RMR, where TO2 = 
0.079 1 02/kg (Kooyman 1989), and RMR = 0.0113 (Lean mass^ ^3) 1 O2/ 
minute (Schmidt-Xcilsen 1983), it was possible to estimate the proportion 
of dives that exceeded this limit. Lean body mass was used to reduce bias 
introduced by dificring amounts of metabolically inert blubber between 
individuals. Lean body mass was estimated from mean pre- and posthaul- 
oui blubber mass of similar aged southern elephant seals (unpubl. data). 
Initial analysis of data from the 1988 deployments showed that 44% of 
dives made by postmolt females exceeded the calculated ADL, whereas 
only 7% of dives made by postbrceding females and less than 1% made 
by adult males exceeded this limit (Hindcll ct al. 1992). When data from 
1990 were included, it was possible to make comparisons among different 
periods in a yearly cycle. Although there were considerable individual dif- 
ferences, animals from the postbrceding period (November/January) and 
from the first trimester (February/April) exceeded the ADL on a much 
smaller proportion of dives than did females from the second (April/June) 
and third (June/August) trimesters (table 14.2). 

The small proportion of dives that exceeded the ADL in the postbrced- 
ing group suggests that the calculation of ADL for this group is relatively 
accurate and supports the assertion that the diving metabolic rate approxi- 
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Fig. 14.4. Mean dive duration and mean dive dejjth for adult female southern 
elephant seals during the postmolt (PM) and postbreeding (PB) periods at sea for 
1988 and 1990. Error bars are 95% confidence limits. 
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Fig. 14.5. Mean dive duration for female elephant seals during the three trimesters 
of pregnancy (Feb.-Apr., Apr.-June, June- Aug.) and the f>ostbreeding period 
(Nov.-Jan.). Error bars are 95% confidence limits. Nested analysis of variance 
showed significant differences among groups (F3,22 = 28.9, p<.0001, number of 
dives = 83,008). 



mates RMR for these animals. However, it seems unhkelv that the ADL 
was exceeded by such a high proportion of dives in the last two trimester 
groups as the animals would have had to regularly cope with the buildup of 
toxic anaerobic metabolites by extending the duration of the surface inter- 
vals. Also, the absence of any extended surface intervals following dives 
that exceeded the calculated ADL suggests that the animals are, for the 
most part, diving aerobically. It has been suggested that northern elephant 
seals rarely exceed their ADL, even with dives as long as 50 minutes (Le 
Boeuf et al. 1988). Thus, the estimation of ADL is probably an under- 
estimation for seals during the second and third trimesters. This would be 
accentuated by the presence of the fetus, which must be placing additional 
oxygen demands on the mother's oxygen stores and, therefore, lowering her 
effective aerobic limits. These seals may be making physiological adjust- 
ments to increase their ADL. There are several ways in which this might be 
achieved. A change in blood volume, possibly associated with pregnancy, 
would increase ADL, as would a reduction in metabolic rate. Although the 
seals would be gaining mass over this time, most of this mass gain is 
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TABLE 14. 2 Proportion of dives of female southern elephant seals that 

exceed the estimated aerobic dive limit (ADL), where ADL = 
Lean mass X TO2/RMR, and TO2 = 0.0791 02/kg (Kooyman 1989). 



fUnaU 


Lfcpioymmt 


itnu ojytof 


£11/ tt {mm} 


<K. Af%t 
TO ^AiJLt 


1432 


Postmolt 


February-April 


28.9 


3.3 


3191 


Postmolt 


Februarv-April 


27.9 


3.8 


3186 


Postmolt 


February- April 


26.6 


12.5 


3189 


Postmolt 


February-April 


26.7 


13.4 


3187 


Postmolt 


February-April 


27.2 


16.7 






Mean±SD 


27.5 ±0.9 


9.9 ±5.4 


3193 


Postmolt 


April— June 


29.1 


48.2 


3184 


Postmolt 


April-Tune 


28.9 


54.3 


1440 


Postmolt 


April-June 


29.5 


63.4 


1419 


Postmolt 


April- June 


28.4 


68.4 


3200 


Postmolt 


April-June 


28.9 


80.1 






Mean ± SD 


29.0 ± 0.4 


62.9 ± 1 l.l 


3178 


Postmolt 


Tune— Auffust 


27.8 


36.0 


857 


Posimoll 


June- August 


27.3 


48.6 


3196 


Postmolt 


June-August 


29.6 


63.5 


1423 


Postmolt 


June-August 


27.5 


72.0 






Mean±SD 


28.1 ±0.9 


55.0 ± 13.8 


6012 


Postbreeding 


November-January 


28.8 


0.3 


1930 


Postbrccding 


November-January 


30.2 


2.2 


6010 


Postbreeding 


November— January 


28.0 


2.4 


1918 


Postbreeding 


November- January' 


29.5 


2.9 


6002 


Postbreeding 


No\ ember-Januarv' 


27.0 


3.8 


1948 


Posibreedmg 


November-January 


29.5 


4.1 


6020 


Postbreeding 


November-January 


28.9 


5.5 


1938 


Postbreeding 


November-January 


28.5 


8.0 


905 


Postbreeding 


November-January 


30.0 


17.1 






Mean±SD 


28.9 ±1.0 


5.1 ±4.7 



through the addition of blubber reserves rather than an increase in lean 
mass. It may be that the seals reduce RMR through physiological adjust- 
ments, combined with behavioral changes that minimize energy consump- 
tion. It is suggested that the shorter dive durations immediately following 
the two periods of concentrated energy loss (molting and pup rearing, fig. 
14.5) represent more concentrated and active periods of foraging to replen- 
ish the depleted fat stores. At these times, RMR would be elevated with re- 
spect to the less active foraging type 1 dives from April to August. Captive 
harbor seals, Phoca uihdim, continue to gain mass over the winter months in 
spite <^ reduced food intake and increased thermal energy demands, sug- 
gesting some form of reduction in metabolic rate (Renouf and Noseworthy 
1990). 
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Although seak from the later trimesters exhibited longer dive durations 
than the other two groups, there were no differences in mean depth of dives 
and no differences in time spent at the bottom of the dive. Thus, the 
increase in dive duradon must be accounted for by slower ascents and 
descents. Less strenuous swimming during the ascent and descent would 
conserve energy, reduce metabolic rate, and, hence, increase the ADL. Wed- 
dell seals, Leptonychotes weddelliy may reduce their metabolic requirements 
by 73% during the descent phase of a dive and by 55% during the ascent 
phase (Qvist et aL 1986). If the southern elephant seal can lower its 
metabolism by approximately 40% of resting metabolic rate, then aerobic 
capacity would be exceeded on very few dives (see Hindell et al. 1992). 

Thus, it may be that southern elephant seals make behavioral and 
physiological changes during the long postmolt period at sea which reduce 
RMR and increase ADL. To test this more fully, we need to examine diving 
behavior of individual seals over the entire postmolt period, a task that now 
seems possible with the development of larger memory TDRs. 

ACKNOWLEDGMENTS 

We thank R. Woods, G. Bedford, K. Lawton, and all members of the 1988, 
1969, 1990, and 1991 ANARE to Macquarie Island &r their assistance in 
carrying out the fiddwork. K. Green also assisted in the field and com- 
mented on the manuscript, and J. Cox assisted with the figures. We thank 
the Tasmanian Department of Pariu, Wildlife, and Heritage for permission 
to work at Macquarie Island. 

REFERENCES 

Boyd, I. L., and T. Arabom. 1991. Diving behaviour in relation to water tempera- 
tore in the southern elephant seal: Foraging implications. Polar Bidagy 11: 259- 

266. 

Carrick, R., S. E. Csordas, and S. E. Ingham. 1962. Studies on the southern 
elephant seal. Afirouni^a leonina (L.). TIL The annual cycle in relation to age and 

sex. CSmO midlife Research 7: 1 19-160. 
Clarke, M. R., and N. MacLeod. 1982. Cephal(>|).)ds in the dirt of elephant seals at 

Signy Island, South Orkney islands. British Antarctic Survey Bulletin bl: 27-31. 
DeLong, R. L., B. S. Stewart, and R. D. Hill. 1969. Tracking marine mammals at 

sea with an archival data recorder. In Fmttdmgs $/ th EigkA Bkmnd Qn^m^ 

tki Bioioff of MttHm Mmmnals, December 7-1 1, Pacific Grove, Calif. 
Gentry, R. L., and G. L. Kooyman. 1986. Fur Si^: Makmd Stnttgits oh Land and at 

Sea. Princeton: Princeton University Press. 
Gordon, A. L., and £. J. MolineUi. 1982. Southern Ocean Atlas. Surrey: Cktlumbia 

University Press. 

Green, K., and R. Williams. 1986. Observations of the food remains in faeces of 
elephant, leopard, and crabeater seals. Folar Biology 6: 43-45. 



Copyrighted malBrlal 



DIVING AND FORAGING 



Hindell, M. A., and H. R. Burton. 1988. Seasonal haulout patterns of the southern 
elephant seal {Mirmnga Uemna^ at Macquarie Island. Journal of Mammalogy 69: 

81-88. 

Hindell, M. A., H. R. Burton, and D. J. Slip. 1991. Foraging areas of southern 

elephant seals, Mirounga Uonina, as inferred from water temperature data. Austra- 

Um Journal of Marine and FreshuMOir Riseareh 42: 1 1 5- 1 28. 
Hindell, M. A., D. J. Slip, and H. R. Burton. 1991. The diving behaviour of adult 

male and female southern elephant seals, Mummga lemma. AtatnUm Jmmud of 

Zbo^flicr 39: 595-619. 

Hindell, M. A., D. J. Slip, H. R. Burton, and M. M. Bryden. 1992. Physiological 
implications of continuous, prolonged and deep dives of the southern elephant 
seal {Mirounga leonind). Canadian Journal of Zoology 70: 370—379. 

Kooyman, G. L. 1989. Diverse Divers: Physiology and Behavior. Berlin: Springer Verlag, 

Laws, R. M. 1960. The southern elephant seal {Mirounga leonina Linn.) at South 
Georgia. Norsk Hvalfangst-Tidende 49: 466-476, 520-542. 

. 1977. Seals and whales of the Southern Ocean. Philosophieal TmuaOSons of 

Uu Royal Socutjf, London, Strus B 279: 81-96. 

Le Boeuf, B. J., D. P. Costa, A. G. Huntley, and S. D. Feldkamp. 1988. Continuous, 
deep diving in female northern dephant seals, Mimmga angnstimtris. Ca n ad i an 
Journal of Zoology 66: 446-458. 

Le Boeuf, B. J., D. P. Costa, A. C. Huntley, G. L. Kooyman, and R. W. Davis. 
1986. Pattern and depth of dives in northern elephant seals, Mimmga angustifOS' 
tris. Journal of Zoology, London 208: 1-7. 

Le Boeuf, B. J., Y. Naito, A. C. Huntley, and T. .Asaga. 1989. Prolonged, con- 
tinuous, deep diving by northern elephant seals, Mirounga angustirostris. Canadian 
Jownal of Zoology 67: 2514-2519. 

Lang, J. K., and M. M. Bryden. 1981. Southern elephant seal. Mimosa Umma. In 
Ham^ook of Mami Mammals. 2. Setds, ed. S. H. Rid^ieway and R. J. Harrison, 
297-327. London: Academic Press. 

Naito, Y., B. J. Le Boeuf, T. Asaga, and A. C. Huntley. 1989. Long-term diving 
records of an adult female northern elephant seal. Antarctic Record 33: 1-9. 

Qvist, J., R. D. Hill, R. C. Schneider, K.J. Falk, G. C. Liggins, M. Guppy, R. L. 
Elliot, P. W. Hochachka, and VV. \f, Zapol. 1986. Hemoglobin concentrations 
and blood gas tensions of frec-diving Weddcll seals. Journal of Applied Physiology 
61: 1560-1569. 

Renoui^ D., and E. Noaeworthy. 1990. Feeding cycles in captive harbor seals {Pkoea 
oilalma): Weight gain in spite of reduced fiiod intake and increased thermal de- 
mands. Marine Behavioral Physiology 17: 203-212. 

Schmidt-Neilsen, K. 1983. Ammal Pkysialogy: Adt^taHon and EmdmmmU. Cambridge: 

Cambridge University Press. 
Woods, R., M. A. Hindell, and D. J. Slip. 1989. EfTect.s of physiological state on 
duration of sedation in southern elephant seals. Journal of Wildlife Diseases 25: 
586-590. 



Copyrighted material 



FIFTEEN 



Developmental Aspects of Diving in 
Northern Elephant Seal Pups 

Philip H. Thorson and Bumey J. Le Boeuf 



ABSTRACT. The aim of this study was to describe the development of diving and 
measure omcxitiiitaiit cfaanges in physiological correlates that enable this bdiavior 
in northern elephant seab, Mimmga angustims^, during the first nine months of life. 

Fifty-seven known-age juvenile seab bom at Ano Nuevo, California, were 
studied during the period 1988-1990. We measured (1) time spent in the water 
and changes in dive depth near the natal rookery during the 2 '/.'-month period fol- 
lowing weaning, before the seals went to sea for the first time; (2) changes in blood 
volume, hematocrit, hemoglobin, and myotflobin In seals from near birth to eight 
months of age; (3) metabolic rate, from oxygen consumption, in I'/?- to 31/2- month- 
old juveniles diving in a hooded saltwater tank; and (4) the free-ranging dive pat- 
tern of 4-month-old juveniles during part of the first trip to sea. 

Diving performance improved quickly during the 10-week period between wean- 
ing and going to sea, as reflected by increases in time spent in the water to 1214 
hours per day, mean dive durati<»i to 5.9 nunutes, and mean dive depth to 16 m. 
Concurrently, blood and muscle oxygen stores increased, leading to a 46.7% eleva- 
tion in mass specific oxygen stores, and diving metabolic rate decreased by approx- 
imately 50%. Metabolic rate also declined with increasing length of dives and total 
time submerged. The di\ ing behavior of two 4-month-old seals during the first 12 to 
26 days at sea reseml^led the continuous, deep, and long diving pattern of adults. 

Mean dive duration was 10 minutes (maxiniuni = 22.3 min), mean surface interval 

was in the range 1.4 to 1.8 minutes, and mean dive depth was 206 m (maxi- 
mum 553 m); appnndroately 85% of the time at sea was spent submeiged. 

In only 10 wedcs, ne%vly %veaned elephant seals undergo profound changes in 
mass spedfic blood volume, oxygen stores, and diving metabolic rate white learning 
to swim and dive near the rookery. These developments prepare them for long- 
duration deep diving over several months at sea. 

Phodd seals sudde out of the water on the substrate where they are bom. 
Consequently, in most species, pups get little or no experience swimming or 
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div ing prior to weaning. Newly weaned pups must develop these skills be- 
fore they can forage on their own, often over long periods in the open ocean. 
Despite the critical importance for survival of the transition from a terres- 
trial to a marine esdstence, this period has not been studied in depth in any 
diving mammal. 

Our aim was to Study behavioral and physiological changes that accom- 
pany the development of diving in the northern elephant seal, M. angustiros- 
iris, a seal in which the move from land to sea is especially abrupt and 
demanding, requiring extreme adaptations for breath holding and with- 
standing high pressure. Adulu lead a pelagic existence characterized by 
continuous, long duration, deep diving (Lc Bocuf ct al. 1986, 1988» 1989; 
DcLong and Stewart 1991; Hindcll, SUp, and Burton 1991). 

Northern elephant seal pups arc nursed daily for up to 28 days before 
being weaned when the mother goes to sea (Le Boeuf, Whiting, and Gantt 
1972). They remain on the natal rookery for the next 2'/2 months, fasting 
from food and water while learning to swim and dive. Within 2 weeks after 
weaning, the weanling enters the water for the first time, usually standing 
fireshwater ponds, tide pools, or shallow water in protected coves or beaches 
(Rasa 1971; Reiter, Stinson, and Le Boeuf 1978). Initial attempts at swim- 
ming and diving are awkward and uncoordinated, but improvement is 
rapid. During this time, mean sleep apnea duration on land doubles (roni 4 
to 8 minutes (BlackwcU and Le Boeuf 1993). Within 8 to 10 weeks of wean- 
ing, these juveniles make the first pelagic trip to sea to forage, a journey 
that lasts approxiniaiely 4 months (Reilcr ct al. 1978). 

The first trip to sea is a critical period in the life of elephant seals, as 
only a mean 46.0 ± 7.7% that depart in the late spring survive and return 
to the rookery in the fall (Le Bocuf, Morris, and Reiter, this volume). Little 
is known of the behavior of elephant pups during this period. Tag resight 
records reveal a general dispersal to the north, with pups from the most 
northerly rookeries in central C'alifornia bcing^ observed as far north as 
northern California and Vancouver island, Bniish Columbia (Bunnell et al. 
1979; Condit and Le Boeuf 1984). Examination of the stomach contents of 
juveniles reveals the remains of species common at depths of 200 m or more 
(Condit and Le Boeuf 1984; Antonelis et al. 1987). 

The development of diving ability during the postweaning fast b impor- 
tant both for initial foraging success and for avoidance of white sharks, Car- 
charodon carduniaSf a near-surface predator (Ainley et al. 1981; Le Boeuf, 
Riedman, and Keyes 1982). Critical to understanding diving performance 
is knowledge of the amount of oxygen stored, the rate that oxygen is util- 
ized, and its effect on diving behavior. Changes in hemoglobin concentra- 
tion, blood volume, and myoglobin concentration directly affect oxygen 
storage capacity (Snyder 1983; Kooyman 1969). Changes in metabolic rate 
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with age affect the rate that oxygen stores arc used. Ox>gcn storage capac- 
ity and diving metabolic rate determine the aerobic dive limit (ADL), the 
amount of time that a seal can remain submerged while diving aerobically 
(Kooymanet al. 1983). 

The specific objectives of this study were to do the follo%ving: ( 1 ) describe 
the development of swimming and diving behavior of free-ranging juveniles 
near the natal rookery during the 2V^month period from weaning to depar- 
ture from the rookery; (2) measure changes in blood volume, hematocrit, 
hemoglobin, and myoglobin in developing seals, from near birth to 8 
months of age; (3) determine the metabolic rate of juveniles, IV2 to ZVi 
months old, during the course of diving, swimming, sleeping, and resting at 
the surface of a seawater tank; and (4) record the free-ranging dive pattern 
of juveniles, 3^2 to 9 months of age, during the first pelagic trip to sea. 

METHODS 

Diving Behavior Near the Rookery during the Pastweaning Fast 
Diving behavior of juveniles, 1 to 3V^2 months of age, was studied in the 
waters surrounding their natal rookery at Ano Nuevo, California, from 
February to May during the years 1988 to 1990. This encompasses the 
period from initial water entry to departure from the rookery on the first 
pelagic foraging trip to sea. All seals were known-age, having been marked 
with cattle ear tags (Dalton Jumbo Rototags, Oxon, £ngland) in the inter- 
digital webbing of the hind flippers a few days after weaning. 

Three types of instruments were used to record changes in time per day 
spent in the water, dive duration, and dive depth. The amount of time 
spent in the water was recorded with modified digital watches (Cairns et 
al. 1987), which were attached to 15 juveniles at l'/2 months of age. The 
watches were glued to the hair on the back of a sleeping juvenile, using 5- 
minute cpoxy (Devcon, Danvers, Mass.). When the seal entered the water, 
the watch shorted out, and time on the watch did not advance during the 
period in the water. When the pup exited, the watch began to operate. 
Watches were read at least twice a week. 

Dive duration data were obtained with radio transmitters (Titlcy Micro- 
electronics, Blenheim, New Zealand) glued to the hair on the heads of 7 
juveniles with 5-minute epoxy as they slept. Dive duration was measured 
using a stopwatch to record the time between when the radio signal was 
lost (submerged) and when the signal was recovered (surface). The range of 
the radio signal was approximately 4 km and was received with a Tclonics 
TR-4 receiver (Mesa, Ariz.). 

Maximum dive depth of 17 juveniles was measured with capillar^' tube 
depth recorders (Burger and Wilson 1988). Teflon tubing, 100 cm in 
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length, was sealed at one end and dusted with blue dye powder. As the seal 
dived, pressure forced water part way up the tube, washing out the dye. 
The distance the water traveled through the tube was determined by pres- 
sure that is proportional to the maximum depth the seal attained. Maximum 
depth recorders (MDRs) were glued to the hair on the back of sleeping 
juveniles with 5-minute ejxjxy. After several days, the MDRs were recov- 
ered and maximum depth calculated from the equadon of A. £. Bui^er 
and R. P. Wilson (1988). 

Oxygen Storage Capacity 
Total oxygen storage capacity was calculated as the sum of the blood, mus- 
cle, and lung oxygen stores, based on the equations of G. L. Kooyman et al. 
(1983). 

Mass determinations, blood samples, and estimates of blood volume 
were obtained from 25 juveniles (11 males and 14 females) ranging in age 
from 2 days to 8 months old. The seals were restrained using a mixture of 
ketamine hvdrochloride and diazepam at a dose of 4 mg/kg of body weight 
(Briggs, Hcndrickson, and Le Bocuf 1975). Mass was drtrrmined for all 
seals by hoisting them in a modified canvas bag (Pernia, Hill, and Ortiz 
1980) suspended from a 450 ±.5 kg spring scale (Chatillon, New York, 
N.Y.) attached to a tripod. 

Blood samples were drawn from the extradural intravertebral vein using 
an 8.0-cm, 18-ga spinal needle (Geraci and Smith 1975). Samples were 
placed into sodium heparin \'acutaincrs ( Bcrton-Dickson, Rutherford, 
NJ.). Blood volume was measured by first taking a blood sample, then in- 
jecting Evans blue dye into the extradural vein (4 mg/kg of body weight) 
(Linden and Mary 1983). A final blood sample was taken at least 20 
minutes later, after allowing for equilibration. 

Hematocrit was determined in duplicate from aliquots of whole blood 
that had been centrifuged at 11,500 rpm (lEC Micro Hematocrit, Need- 
ham Heights, Mass.). Hemoglobin (Kb) determinadons were made using 
the cyanomethohemoglobin conversion method (Sigma Chemical Co., Assay 
Kit 525, St. Louis, Mo.). Blood volume was determined using the proto- 
col of R. J. Linden and D. A. S. G. Mary (1983). 

Muscle samples were obtained from 13 seals (8 females and 5 males) 
varying in age from stillborn pups to 8>month-old juveniles. For both fi^sh 
carcasses and live animals, muscle samples were taken from the latissimus 
dorsi just lateral to the pelvis. For biopsies of live seals, the site was cleaned 
with Betadyne solution, and a local anesthetic, lidocaine hydrochloride, was 
injected. A sterile 8 mm suction biopsy needle was inserted to obtain a tis- 
sue sample weighing approximately 75 mg (Dubo%vitz and Brooke 1973; 
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Evans, Phinney, and Young 1982). The assay for myoglobin Goncentratkm 
was perfbnncd using the protocol of B. Reynafarje (1963). 

Metabolic Studies 

Twelve juveniles ranging in age from 1 V2 to 3V^ months old were trans- 
ported fiom Ano Nuevo to the Long Marine Laboratory where they were 
held in outdoor seawater tanks. Metabolic rate was determined using an 

open-circuit respirofn6tr\ system to measure oxygen consumption in a man- 
ner similar to the method of T. M. Williams ( 1987). 

This system consisted of a metabolic hood (a plexiglass dome measuring 
2 X 1 X 0.5 m) with ail intake and exhaust port placed over a seawater tank 
which measured 2.5 by 1.8 by 2 m, the only area finom which the seal 
could breathe. Ambient air was pulled through a dry gas meter (Singer, 
American Meter Division) and then through the metabolic hood by vac- 
uum pump. An aliquot of the air exiting the dome was continually driven 
through a Baraiyme column to remove carbon dioxide, and a Drierite 
o^umn removed water before passing through an S-3A oxygen analyzer 
(Ametek, Sunnyvale, Calif.) to measure the iiractional oxygen content. The 
analog output of the oxygen analyzer was converted to a digital signal 
(Sable Systems, Los Angeles, Calif.) and transferred to a computer. Equa- 
tion 4b from P. C. Withers (1977) was used to calculate metabolic rate from 
the fractional change of oxygen. 

Seals were weighed in the laboratory prior to experiments using a load 
cell platform scale (Senstek 2000, Canada). Water temperature of the meta- 
bolic tank ranged between 12 and 16°C, which is within the thermoneutral 
zone of weaned elephant seal pups (P. Thorson, unpubl. data). 

Free-Ranging Dive Pattern at Sea 
Time-depth recorders (TDRs) were attached to 5 juveniles (4 females and 1 
male) during 1989 and 3 juveniles (2 males and 1 female) in 1990 at Aiio 
Nuevo just prior to departing on their first foraging trip to sea when they 
were S'^ months old. Two types of TDRs were used, one mechanical and 
the other a microprocessor system (Wildlife Computers, Woodinville, 
Wash.). The mechanical TDR incasurcd 2.5 cm in diainrti i by 8.5 cm long 
with a mass of 70 (Naito, Asaga, and Ohyama 1990). The TDR used a 
mechanical pressure transducing system with a timing circuit to record 
time and depth on pressure-sensitive paper. The pressure transducing sys- 
tem had a threshold limit of 227 m. W hcu recovered, the record was en- 
larged and digitized for analysis. The microprocessor TDR measured 15 cm 
long by 2.5 cm wide with a mass of 100 g. The TDR had 256 kilobytes of 
memory and was programmed to sample depth every 10 seconds (max- 
imum depth limit = 2,000 m) and temperature ever>' 10 minutes. Ai recov- 
ery, the data in the TDR were downloaded to a computer and analyzed. 
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The seals were chemically restrained, weighed, and blood sampled as 
mentioned above. TDRs were attached to the hair with 10-minute epoxy 
(Fibre Glass Evercoat, Cincinnati, Ohio), using the method of Le Boeuf et 
al. (1988, 1989). 

RESULTS 

Diving Behavior Near the Rookery during the Postweaning Fast 
Newly weaned pups began entering the water at approximately 2 weeks 
postweaning at 1 V2 months of age. Time per day spent in the water was less 
than 2% at first and was concentrated at dawn and dusk. It increased to 
about 52% per day by 10 weeks postweaning, being concentrated at night, 
and remained at this level until departure on the first foraging trip to sea 
(fig. 15.1a). 

The mean duration of dives in the waters surrounding the rookery in- 
creased from 1.9 minutes at initial water entry to 6.1 minutes at the end of 
the postweaning fast (fig. 15.1b). During this time, the seals did not ven- 
ture far from the rookery and remained in water less than 12 m deep (ex- 
cept for one 16 m di\ e by seal H113 who was carrying a TDR; see below); 
mean dive depth increased with age (fig. 15.1c). 

Changes in Phjsiulofiical Variables over the First Eight Months of Life 
Table 15.1 shows that as mass decreased during the postweaning fast, 
hematocrit, hemoglobin concentration, mass specific blood xolume, and 
myoglobin concentration increased significantly (t-tests, all significant at 
p<.005). Consequently, mass specific oxygen stores increased by 46.7% 
over the postweaning fast, or 69.4% from the suckling period to the time 
when the seals were ready to go to sea. The highest levels of myoglobin 
concentration, mass specific blood volume, and total oxygen stores were 
reached in seals returning from their first trip to sea. 

Metabolic Studies in Seawater Tanks during the Postweaning Fast 
Diving metabolic rate decreased significantly (t-test = 5.43, df = 234, p < 
.001), by about 50%, over the course of the postweaning fast (fig. 15.2a). 
Metabolic rate also declined as a function of increasing dive duration 
(fig. 15.2b) and increasing percentage of time spent submerged, when ob- 
served in 30-minute blocks (fig. 15.2c). This trend was seen throughout 
the postweaning fast, although it was more pronounced in the later period. 

Diving Behamor during the First Foraging Trip to Sea 
Two of the eight TDRs deployed on juveniles before their first trip to sea 
were recovered and contained diving data; both of them were carried by 
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number of observations for that interval. 
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TABLE 15.1 Mean hematocrit (Hct), hemoglobin concentration (Hb), 

mass specific blood volume f\^,), myoglobin concentration (Mb), and mass 
specific oxygen stores of northern elephant seals during nursing and the 
postweaning fast and after the first foraging trip to sea. 

0, 







Hct 


Hb 




Mb 


Stores 










(ml/kg) 






Niintng 














2-21 days 


102 


50.2 


18.9 


100 
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35.6 


(ii-l2> 


(22.6) 


/A l>\ 

(2.3) 
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(1.2) 




PottwcMiing 














4 weeks (n»20) 


134 


52.4 


20.0 
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41.1 
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(2.9) 


(1.8) 


(14.6) 


(1.1) 




8 weeks (n= 13) 
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52.3 
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(13.3) 
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(18.2) 
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After first foraging 














trip to sea 














8 months (hb 17) 


90.1 


58.1 


22.8 


175 


5.7 


68.8 




(23.2) 


(6.5) 


(2.4) 


(10.4) 


(1.1) 





note: Numbers in parentheses represent ± 1 SD. .Sample size is the same for all variables ex- 
cept myoglobin concentration (Mbj, where n = 4 for all age classes. 



females. The TDR of seal G372 was recovered in December 1990 at Ano 
Nucvo, 7V2 months after deployment; it recorded the first 12 days at sea, 
May 12-13, 1990. The TDR of seal HI 13 was recovered in March 1991 at 
Half Moon Bay, 45 km north of Ano Nuevo, 10 months after deployment; it 
recorded the first 26 days at sea, May 14 to June 10, 1990. 

A summary of the diving data for these two seals is shown in table 15.2. 
Both seals exhibited similar dive durations with a mean of about 10 min- 
utes; seal HI 13 exhibited the longest dives, with the maximum lasting 22.3 
minutes (fig. 15.3a). Approximately 90% of the surface intervals of both 
seals were between 0.5 and 1.75 mintJtcs; only 5% were longer than 3 mi- 
nutes (fig. 15.3b). Both seals had one extended surface interval longer than 
one hour, and both spent the majority of their time at sea underwater. 

The mean depth of the dives of seal HI 13 was 206 m (median depth = 
160 m), and its maximum dive depth was 553 m (table 15.2). Twenty- 
nine percent of the dives of seal G372 exceeded the depth limit of its 
TDR, 227 m. By comparison, 42% of the dives of the other seal exceeded 
227 m. 

Mean dive duration increased as a function of the time at sea for the first 
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Fig. 15.3. (A) Frequency distributions of dive durations of 2 juvenile northern 
elephant seals during the first 12 to 26 days at sea. (B) JVequency distributions 
of surface intervals of 2 juvenile elephant seals during the first trip to sea. (C) Fre- 
quency distributions of dive depth of 2 juvenile northern elephant seals during 
the first trip to sea. The TDR of seal G372 had a depth limitation of 227 m. 
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Fig. 15.4. Changes in mean dive duration per day (± 1 SD) <^ 2 juvenile ele|diant 
seals and 4 adult female elephant seak during the first 12 days at sea following 
lactaticm. Data on adult females firom unpublished records. 



four days, but acclimation to diving deeply was as rapid as that of adult 
females with much more diving experience (fig. 15.4). There was no cor- 
relation between dive duration and postdive surface interval (r = .01). 



DISCUSSION 

During the 10>week period following weaning, young elephant seals under- 
go bdiavioral and physiological changes that prepare diem to forage for 
several UMMiths at sea, a period characterized by virtually continuous, deep, 
and long duration diving. The diving performance of 3V^month-old 
elephant seals on the first trip to sea is similar to that of adults and exceeds 
that of most other adult pinnipeds, in terms of dive duration and dive depth 
(Kooyman 1989; Le Boeuf, this volume). Perhaps no other marine mammal 
must make such a drastic transition in such a short time. 

We sunmiarize and discuss the principal changes during this critical 
period of development that prepare die animal to be a deep and long dura- 
tion diver. We emphasize that concomitant with improvements in swim- 
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ming and diving performance, there occur significant increases in oxygen 
storage capacity and decreases in diving metabolic rate. 

Oxygen Storage Capadty 
Blood is the most important storage site of oxygen in phocid seals, as it con- 
tains approximately 65% of the total oxygen stores, followed by the muscle 
(30%) and the lungs (5%) (Kooyman 1985, 1989). Blood oxygen storage 
capacity is determined by hemoglobin concentration and blood volume 
(Snyder 1983). Diving animals tend to have higher hemoglobin concentra- 
tions and blood volumes than terrestrial animals. Among marine mammals, 
the deeper and longer duration divers have the highest hemoglobin concen- 
trations and blood volumes (Ridgway and Johnston 1966; Sleet, Sumich, 
and Weber 1981; Duffield, Ridgway, and Cornell 1983; Snyder 1983; Kooy- 
man 1983, 1989), and as we would expect from adult diving performance, 
these values have been reported to be high for northern elephant seal pups 
(Simpson, Gilmartin, and Ridgway 1970; Caslellini, Costa, and Huntley 
1986; Hcdrick, Duffield, and Cornell 1986; Wickham 1989). Changes in 
these values with development have received little attention. A. M. Ko- 
dama, R. Eisner, and N. Pace (1977) reported that mass specific blood and 
hemoglobin concentrations increased during the first year in the harbor 
seal, Pkoca vitulina. M. M. Bryden and G. H. K. Lim (1972) reported that 
southern elephant seals, M. leonina, increased their mass specific blood 
volume during the postwcaning fast and during the first trip to sea, an in- 
crement that is similar to what vvc observed in northern elephant seal pups 
(table 15.1). By the time juvenile elephant seals are ready to go to sea for 
the first time, their body is 14.4% blood, as compared to 21.2% blood for 
an adult female (P. Thorson, unpubl. data). 

Total oxygen stores increase rapidly to a high level in developing 
elephant seals, due to increases in blood and muscle oxygen stores (table 
15.1). When it is time to make the first trip to sea, these young juveniles 
have already amassed mass specific oxygen stores of 60.3 ml/kg, 73.5% of 
the mass specific oxygen stores recorded in adult females (82.1 ml/kg) (P. 
Thorson, unpubl. data). The oxygen stores in juvenile elephant seals are 
similar to ihusc found in aduii pliocids of other species (Kooyman 1985, 

1989). 

Metabolic Rate 

By 3 months of age, elephant seals had significantly lower metabolic rates 
and longer dive durations than they exhibited at weaning (figs. 15. IB, 
15. 2 A). This is not surprising, as it is known that metabolic rate decreases 
with age (Brody 1945; Miller and Irving 1975; Ashwell-Erickson and Ekner 
1961) and with increasing Ume spent fasting (Brody 1945; Kleiber 1975; 
Ashwell-Erickson and Eisner 1981; Worthy and Lavigne 1987; Rea and 
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Costa 1992). Age and fasdng effects alone, however, may not be responsible 
for the metabolic decrease we observed. During the postweaning fast, 
juvenile elephant seals spent an increasing amount of time swimming and 
diving, in the process utilizing protein and redistributing muscle mass (fig. 
15.1; Bryden 1969). Using protein increases the metabolic rate, while div- 
ing decreases it. 

The oxygen consumption pattern of juveniles was less consistent early in 
the postweaning fast than later on. This suggests that developing seak 
gained increasing control over their metabolic rate as their mass specific 
oxygen stores and diving experience increased. In addition, metabolic rate 
was inversely correlated with dive duration and the total amount of time 
spent diving (fig. 15.2), an effect that was most pronounced late in the post- 
weaning fast. M. A. Fedak (1986) reported a similar trend for gray scab, 
Haikhoenu grypusy swimming and diving in a water flume. 

Diving Behavior on the First Trip to Sea 
The diving pattern of juveniles (iuriiit;^ the first part of their first trip to sea 
suggests that they were diving acrobically. Postdive surface intervals are 
brief regardless of the duration of the previous dive (table 15.2). The per- 
centage of dives that exceeded the .'\DL for the two juveniles in this study 
and for two juvenile Weddell seals is shown in table 15.3. With a diving 
metabolic rate of 1.5 times resting (Kooyman ct al. 1973, 1983), 30.5 to 
46.9% of the dives of the two juvenile elephant seals exceeded the ADL. 
This stands in marked contrast to the performance of immature Weddell 
seals who exceeded the ADL on only 4% of their dives, despite a 28% 
weight advantage. Moreover, for the immature Weddell seals, lactic acid 
and postdive surface intervals increased after dives above 10 minutes 
(Kooyman ct al. 1983). 

If the swim velocities of juv eniles are relatively low on long duration 
dives, as preliminary data indicate (P. Thorson, unpubl. data) and as is the 
case in adult females (Le Boeuf et al. 1992; Crocker et al., this volume), the 
diving metabolic rate should be relatively low. Metabolic rate is highly 
correlated with swim velocity (Davis, Williams, and Kooyman, 1985; Pon- 
ganis et al. 1990; Williams, Kooyman, and GroU 1991); therefore, a de- 
crease in swim velocity would decrease the diving metabolic rate and the 
ADL would increase. A diving metabolic rate of 0.36 to 0.39 1/min is 0.8 
times the predicted basal metabolic rate (BMR) and would include even 
the longest dives of each pup at sea (table 15.3). Because diving metabolic 
rate in the laboratory decreases with increasing dive duration to leveb be- 
low the predicted BMR (fig. 15.2b), it is possible for a seal to have a diving 
metabolic rate near resting when swim speed is low. Direct measurements 
of diving metabolic rate of Weddell seals have been recorded at near resting 
levels (Kooyman 1973; Castellini, Kooyman, and Ponganis 1992). 
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TABLE 15.3 Comparison of the estimated aerobic dive limit (ADL) of 2 
juvenile Weddell sesds (combined) and 2 juvenile elephant seals during the 

first foraging trip to sea. 





Mass 


02Stons 


VOiJ 


ADL 


%Di9es 


Sad 


M 


(10s) 


(Os/mm) 


(mm) 


(>ADL) 


Weddell seal 












1.5-BMR 2.0m/scc 


140 


8.2 


0.69 


11.9 


3.5 


Elephant seal 












1.5-BMR 2.0 m/sec 


96 


5.8 


0.51-0.56 


11.4 


30.5 




109 


6.6 




11.8 


46.9 


I.0*BMR0.8in/sec 


96 


5.8 


0.36 


16.1 


1.1 




109 


6.6 


0.39 


16.9 


4.7 



note: Estimates ol ADL for the juvenile Weddell seals are Irom Kooyman ct al. (1983). Esti- 
mates of the ADL for the elef^umt seals are from this study. Estimates of swim velocity for 
Weddell seals are from Castcllini, Kooyman, and Ponganis (1992) and for dcfduuit seals 
fiom P. Thorson (unpubl. data). 



The depth of dives attained by juvenile elephant seals during the first 2 
to 3 weeks at sea is remarkable in two respects. The dives are deeper than 
those of most other adult pinnipeds (see Le Boeuf et al. 1988, for review). 
Second, great depths are reached despite a body composition that averages 
48% lipids, double the mean lipid composition of nonpregnant adult 
females and adult males (Kretzmann 1990; Rea and Costa 1992; unpubl. 
data). Because of the high ratio of fat to lean body mass, juveniles going to 
sea for the first time are positively buoyant. Thus, it would seem that juve- 
niles would require greater effort to reach depths than adults. 

In conclusion, the 10-week period following weaning that northern 
elephant seal juveniles spend swimming and diving near the natal rookery 
provides critical preparation for life at sea. Increases in blood volume, 
hematocrit, hemoglobin concentration, and myoglobin concentration result 
in large oxygen storage capacity, which, combined with an increased ability 
to decrease metabolic rate while diving, enables them to maximize time 
imderwater for travel, foraging, rest, and predator avoidance. 
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SIXTEEN 



Postbreeding Foraging Migrations of 
Northern Elephant Seals 

Brent S. Stewart and Robert L. DeLong 



KBSttMCT. Adult northern dephant seals depart southern Califi»mia Channel Is- 
lands rookeries in February and early March to forage and replenish body reserves 
that were depleted during intensive Inreeding season fiists. Females remain at sea for 
around 66 days and males Ibr around 120 days before they return to the Channel 
Islands to molt. During that period seals dive — and presumaUy forage — deeply 
and continually while mic^ating between southern California rookeries and haul- 
outs and offshore, northern foraging areas between 40° and 48°N latitude (females) 
and the Gulf of Alaska and eastern Aleutian Islands (males); females cover over 
5,500 km and males over 11,100 km during these round-trip postbreeding migra- 
tions. Males and females differ in their vertical and geographic distributions during 
these migratioiis, but the ttaaom for that segregation are unknown. 

Adult northern elephant seals depart terrestrial rookeries from late January 
through early March and remain at sea, diving continually, for around 2 
(females) to 4 (males) months before returning to land to moll (Le Boeuf et 
al. 1989; DeLong and Stewart 1991). Their behaviors while at sea during 
those postbreeding periods have been documented in extraordinary detail 
in recent years (e.g., Lc Boeuf et al. 1988, 1989; DeLong and Stewart 1991), 
though the geographic locations of the seals have been unknown. In 1987, 
we began, in collaboration with colleague R. Hill, to develop and test a 
microprocessor-based event recorder that would allow simultaneous docu- 
mentation of the locations and diving patterns of foraging northern 
dephant seals throughout their long periods at sea (DeLong, Stewart, and 
HiU 1992). Using data collected with those instruments, we describe here 
the postbreeding migraticms of 8 adult male and 5 adult female northern 
elephant seals between San Miguel Island, in southern California, and 
pelagic foraging areas in the North Pacific, and we uiterpret intra- and in- 
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tersexual variation in dive patterns in light of this new information on seal 
dispersion. 

METHODS 

We instrumented 8 lactating females in 1990 and 16 adult males in 1989 
and 1990 with microprocessor^based, geographic-location-time-depth re- 
corders (termed geolocation recorders, or GLTDRs; DeLong, Stewart, and 
Hill 1992) at San Miguel Island (34**02'N, 120''23'W) at the end of the 
breeding season (February-March). We recovered the instruments when 
the seals returned to land to molt several months later (females, April-May; 
males, June-July). The design and function of the GI.TDRs are described 
in detail by R. L. DcLong and B. S. Stewart (1991) and DeLong, Stewart, 
and Hill (1992). Briefly, we programmed the instruments to sample hydro- 
static pressure (= depth ±2 m) at 30- or 60-second intervals for the entire 
periods the seals were at sea. Measurements of sea-surface temperature 
(SST) and ambient light levels were made and stored during the seals' brief 
interdive surface periods. We estimated each seal's latitudinal location 
each day by calculating day length and longitude from local apparent noon 
using daylight profiles stored in the GLTDRs and computer algorithms 
developed by DeLong, Stewart, and Hill (1992). Determinaticm <tf loca- 
tion from daylight profiles and the factors that affect location accuracy arc 
discussed in detail elsewhere (DeLong, Stewart, and Hill 1992; Hill, this 
volume). The most important influences on accurate calculation of latitude 
are the durations of seals' dives near twilight and the equinox, when day 
length does not vary substantially with latitude. Near the vernal eqiunox 
(March 22) \vc compared GLTDR sea-surface temperature measurements 
to latitudinal distributions of SST from other sources to determine seals' 
latitudinal locations (see DeLong, Stewart, and Hill 1992). We also used 
SST comparisons to vahdate all other locations. Our field calibration 
studies of these instruments indicate that locations that are calculated and 
corrected using this technique are accurate to around 60 nm or better 
(ibid.; Stewart and DeLong, unpubl. data). We determined the number 
o( days thai each seal was at sea by direct inspection of the dive records, 
which indicated departure and return dates and times. 

Statistical analyses of dive parameters were performed using Systat. Wc 
report sample siaiistics (i.e.. X = sample mean, SD = standard deviation 
of the sample mean) as summary statistics for all dives of each seal and 
population statistics (i.e., ft = population mean, SEM = standard error of 
the population mean) as summary statistics for all dives of all seals. Wc 
used one- or two-way analysis of variance (Zar 1984) to compare seals' dive 
records. 
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RESULTS 

Wc recovered instruments from 5 females and 9 males. The light-level sen- 
sor in one male's instrument failed, but all other GLTDRs contained depth, 
light-level, and SST data for the seals' entire periods at sea. 

Females were at sea for around 66 days and males for around 120 days 
before returning to San Miguel Island to molt (tables 16.1, 16.2). All seals 
dove continually while at sea (figs. 16.1, 16.2, 16.3). Females* dives aver- 
aged 520 m deep (SEM» 15 m) and 22.3 minutes long (SEM> 1.3 min.), 
and males' dives averaged 367 m deep (SEM » 34 m) and 22.6 minutes 
long (SEM = 1 min.); interdive periods at the surface were routinely brief 
(females, ti^2A min., SEM » 0.05 min.; males, ft— 3,2 min., SEM » 0.1 
min.; fig. 16.4). 

Seals spent little time at depths shallower than 200 m, except when 
rapidly descending or ascending to preferred depths, or greater than 800 m 
(figs. 16.1, 16.2, 16.3). As 20 to 50% of most dives were spent within a 
range of 30 m of maximum depth (DeLong and Stewart 1991; Stewart and 
DeLong, unpubl. data), we use maximum depth of each dive as an index of 
seals' water depth preference and presumably foraging habitat. Females 
dove deeper, on average, than males did (p<.01; tables 16.1, 16.2), al- 
though the greatest depths reached during their migrations were similar 
(females, 983-1,567 m; males, 831-1,581 m). 

All seals began traveling north immediately upon entering the water in late 
February and March, covering about 90 to 100 km/day for approximately 
16 (females, SD = 7.6 days) to 38 days (males, SD = 5.7 days) before travel 
speeds slowed (figs. 16.5, 16.6, 16.7). Seals then remained in somewhat more 
defined geographic areas for periods of around 36 (females, SD — 5.2 days) 
to 51 days (males, SD = 6.4 days). We refer to those areas as foraging areas 
and define them according to periods when distances covered between days 
during three or more consecutive days were less than 32 km, to distinguish 
them from rapid northward movements away from San Miguel Island in 
March and similar southward movements when seab were returning to the 
island to molt. We refer to the latter as north and south transits, respec- 
tively. South transits to molting beaches from foraging areas took females 
around 15 days and males around 31 days (table 16.2). traveling at mini- 
mum speeds of 90 to 100 km/day (= 1.04-1.15 m/sec). Foraging areas of 
females (figs. 16.5, 16.6) were less obvious than those of males, whose day- 
to-day movements in northern areas were small and highly concentrated 
(fig. 16.7). Female foracjine; areas therefore appear to be series of high- 
density clusters of daily locations rather than the single clusters characteris- 
tic of males (figs. 16.5, 16.6, 16.7). 

Females covered at least 5,500 km during their postbreeding migrations 
and males at least 11,100 km. Seals remained in deep water (from one to 
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Fig. 16.1. Depths of all dives made each day for 5 northern elephant seal females 
during their postbreeding migrations in 1990. 



several thousand or more meters) throughout their postbreeding migra- 
tions. Although males traveled through female foraging areas, between 40^ 
and 48^ latitude, they did not linger there but continued rajridly north to 
the Gulf of Alaska and the eastern Aleutian Islands. Although the 1969 and 
1990 foraging areas of some males overlapped, dives made in those areas 
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Fig. 16.2. Depths of all dives made each day for 4 adult northern elephant seal 
males during their p>ostbreeding migrations in 1989. 



were shallower in 1990 (/t = 318 m, SEM = 56.2) than they were in 1989 
(M = 415.7 m, SEM = 24.4; p < .01 ). 

Dive depths were similar among all females, and dives made in foraging 
areas were deeper than those made during north or south transits (table 
16.1). Similarly, depths of foraging area dives of males were usually deeper 
than transit area dives (table 16.2). Dives of 3 males in 1990 were notable 
exceptions; seals 90640 and particularly 90480 spent substantial periods at 



POSTBREEDING FORAGING MIGRATIONS 



295 



1000 



i SEAL - 90870 



800 i 

600 -! 
400 H 
200 




1000 



0 i 



MIITTT|rTrTTTTFTyTnil!lir|TTt»TF!!ljnimmyTTTTTTTTTf»TTTTrTTT|'lTTITTTT»]TTTTT»TTIJ!TnTTlMfnririI»ipTITIITIT|TrirTTTII|IIM!ITIT|IF|l|ITTI^ 

l.l■.l.l.^■.l■l.i.^.■.^.^J.....I.^......■l..■.■.■..l■........l.....■.■|l..■^.■.l.^...t..■L■>.....,l■■i.»l■..i.■».■.i■■^>^.,.■l.ll^..^ 



SEAL - 90680 **«^. .5" 

Sr; r:; ^\ 




n m if M |i n ii M iT|it Mnn i|T n r!T>ti|TiriTiiiiyfirifiT n ywTTiiiiiipi n !ii n | n ?T?iiii|iiiii M ii|i mH TTT p rTnriifyi 



■ SEAL - 90640 



liiiiiiiiiliiiiimi 



* * * 




| iiiiiiiii|iiiii»i i i | iiii ii ii n iii i iiii n iiiiiiiii|iiiii i ii n iiiiiiii m iiiiiii n ii n iiiii|iiiiiiii n iii iiiii | iiiiiiiii|iiii m ii[i n iii m |iiriiirii 



1000 



800 i 
600 ] 
400 -i 
200 
0 



.l...|.....J..H.....I...I.I^..i»..t.*>..ll.i.J.. 



SEAL - 00480 




tlllll[I U I1f|tlJII M I|lll|lll»ttn![ M I| MM t p Tllllllf|Tt MM t n jtfl|l1 M i p il M rill ] lllll|r M | M r nM TIJIII' MM T p it M |ir'|'IIII HM |II M IIII I ]lltlll 

OO 70 80 90 100 110 120 130 140 150 100 170 ISO 190 ?00 2lO 220 

JULIAN DATE 

Fig. 16.3. Depths of all dives made each day for 4 adult northern elephant seal 
males during their postbrecding migrations in 1990. 



shallow depths, and there was much less variation around maximum depth 
during those periods compared to the records of other males (figs. 16.2, 
16.3). The patterns of these 2 males while in foraging areas differed fun- 
damentally in this way from those of females. But the dive depths of 3 other 
males (89030, 89750, 90680) in their foraging areas south of the eastern 
Aleutian Islands were similar to dive depths of females that foraged in areas 
far to the south (tables 16.1, 16.2; figs. 16.2, 16.3, 16.4). 
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location records for male 89120). 
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TABLE 16.1 


Depths of dives of adult female northern elephant seals 
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note: SD = standard deviation; ni — number of dives; nj — number of days; mean and SD 
in m. 



DISCUSSION 

DeLong and Stewart (1991) reported significant diurnal and seasonal varia- 
tion in dive parameters of adult northern elephant seal males. By simul- 
taneously documenting dive patterns and geographic locations of seals, we 
have shown that location and migratorv' behavior (transiting vs. stationary ) 
can explain such apparent changes. The dive patterns that we report here 
for adult males in 1989 and 1990 are similar to those reported for post- 
breeding males in 1988 (DeLong and Stewart 1991). Similarly, the dive 
patterns of females from San Miguel Island in 1990 are similar to those re- 
ported by Le Boeuf et al. (1988, 1989) and Le Boeuf (this volume) for 
females that breed at Ano Nuevo. Females appear to be more consistent in 
their patterns of dive depths, as shown in figure 16.1, than are males, who 
show greater seasonal and interindividual \ariability in preferred dive 
depths (figs. 16.2, 16.3). We are uncertain about the reasons for this differ- 
ence, but we suspect that the greater physical oceanographic complexity 
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TABLE 16.2 Dq>ths of dives of adult male noithem elephant seals during 
different stages of thdr postbreeding migrations. 











South 




Seal 


transit 




tnuisit 


Total 




ivican 


384.2 


518.9 


428.9 


442.4 






117.5 


187.2 


122.5 


158.1 






2767 


2407 


1697 


6871 






38 


46 


39 


123 


on ten 


iVlCall 


343.8 


372.3 


378.1 


364.5 




SD 


117.4 


122.7 


134.5 


124.5 




ni 


1915 


2636 


1399 


5950 




na 


35 


50 


31 


116 


o940o 


Mean 


348.4 


432.8 


366.6 


386.2 






111.7 


120.3 


131.1 


125.3 




ni 


2530 


2550 


1171 


6251 




n 1 


43 


44 


27 


114 


89750 


Mean 


397.4 


547 


413 


469.9 




SD 


131.2 


208 


124 


183.4 




ni 


1430 


2369 


1400 


5200 




n2 


35 


44 


34 


113 




Mean 


208.0 


184.4 


323.7 


222.7 






88.1 


37.5 


118.9 


96.7 






3553 


3561 


1870 


8984 




"2 


48 


50 


36 


134 


90640 


Mean 


353.9 


320.4 


387.6 


350.3 




SD 


90.2 


84.7 


113.8 


96.8 




ni 


3584 


2312 


1501 


7397 




n2 


W 


0/ 






90680 


Mean 


386.4 


524.5 


410.2 


463.3 




SD 


133.7 


149.6 


170.7 


162.5 




ni 


1857 


3250 


1064 


6171 






31 


58 


30 


119 


90670 


Mean 


218.9 


203.1 


400.5 


236.1 




SD 


106.7 


95.7 


119.5 


122.9 




ni 


2271 


•Mm 


1039 


7292 




na 


32 


60 


22 


114 



note: SD * standard deviation; n| » number of dives; nx « number of days; mean and SD in 
m. The first 4 seals are 1989 records, and the latter 4 are from 1990. 
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near the Aleutian Islands compared with the central Pacific Subarctic 
Transition Zone (e.g.. Favorite, Dlomead, and Nasu 1976; Wetherall 1991) 
may result in greater regional variability in thermocline depth and vertical 
water mass discontinuities in the foraging areas of males. 

The foraging area dives of seal 90480 are particularly interesting because 
of his shallow, narrow depth range of dives during a 50-day period. D. £. 
Crocker et al. (this volume) proposed that this type of diving is indicative of 
foraging in benthic or epibcnthic habitats. However, our location records 
ibr seal 90480 indicate that he was feeding in an area where water depths 
exceeded several thousand meters and that the nearest shallow water areas 
(i.e.,<300 m) were 241 to 322 km to the north. Further, sea-surface 
temperatures from other sources compared to the seal's GLTDR SST data 
confirm the location records. Although some seamounts do rise from the 
Aleutian Trench near where the seal was foraging, the charted tops of those 
seamounts are at least several hundred meters below the seal's foraging 
depths. We attribute the prolonged shallow diving of this seal to his prefer- 
ence for feeding at that depth rather than epibenthic foraging in shallow 
coastal habitats or on near-surface seamounts or guyots. Similar depth pref- 
erences can be seen throughout his north transit period in the high-density 
depth bands in his dive records (fig. 16.3), although there is greater variabil- 
ity around the high-density bands during those times. Similar clustering of 
dive depths, which appear to represent interindividual differences in depth 
preferences, can be seen in the records of other males, although they are 
most obvious as shallow depth preferences in the records of seals 90870, 
90640, and 89160 for portions of their migrations. We also attribute the inter- 
annual differences in dive depths among males that foraged in similar areas 
to differences in individual preferences, as the similarities in SSTs in those 
areas in 1989 and 1990 (compare figs. 16.6 and 16.7 with figs. 16.9 and 
16.10) do not suggest any yearly differences in oceanographic conditions 
there. Canyon, seamount, or current divergence and convergence influences 
could cause sharp temperature discontinuities between vertical water 
masses, which would result in substantial local variation in thermocline 
depth. Such local physical variability would have strong influences on prey 
distributions. I. L. Boyd and T. .\rnbom (1991) showed thai the dive 
depths of one female southern elephant seal were closely linked to tempera- 
ture characteristics of the water column that were likely influencing prey 
concentrations. Simultaneous collection of oceanographic data in areas 
where elephant seals are known to be foraging would be invaluable during 
future research on elephant seal foraging dynamics. 

Adult female and male northern elephant seals that breed at San Miguel 
Island evidently migrate to different areas of the North Pacific to forage and 
recover the substantial body mass they lost during breeding season fasts. 
Females arc at sea about half as long as males in spring before they must 
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Fig. 16.7. Postbreeding migrator)' routes and foraging areas of 8 northern elephant 
seal males in 1989 and 1990 (ail days that seals were at sea are plotted). 



return to land to molt (tables 16.1, 16.2). This diflfcrcncc may explain why 
females do not continue to travel northward to the areas where males for- 
age. A round-trip alone to those areas without lingering there would take 
around 60 days. It is intriguing, though, that males do not remain in the 
southern areas where females forage even though there appear to be ade- 
quate prey resources. Latitudinal difTcrcnccs in prey quality or size may con- 
strain males to continue north in pursuit of more rewarding food resources. 
Sea-surface temperatures differ by 3 to 5° between the foraging areas of 
males and females (figs. 16.8, 16.9, 16.10), but we do not think that tem- 
perature alone would constrain the distribution of elephant seal adults in 
the North Pacific. Records from southern elephant seals (Fedak et al., this 
volume; Slip, Hindcil, and Burton, this volume) show that adult males and 
females may occupy the same coastal Antarctic waters where SSTs are 
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Fig. 16.8. Sea-surface temperature measurements recorded bv GLTDR.s attached to 
5 adult northern elephant seal females during their postbreeding migrations in 1990. 
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Fig. 16.9. Sea-auriace temperature measurements recorded by GLTDRs attached to 

4 adult northern elephant seal males during their postbreeding migrations m 1969. 



several degrees colder than in the Gulf of Alaska and the eastern Aleutian 
Islands where male northern elephant seals forage. 

Le Boeuf (this volume) reported that some females from Aiio Nuevo Is- 
land traveled into offshore British Columbia waters to feed, an area of over- 
lap with adult males. We can think of no reason other than time constraints 
that females from the Channel Islands do not migrate that far north. Cer- 
tainly, additional studies are needed to examine the biotic and abiotic 
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Fig. 16.10. Sea-surface temperature measurements recorded by GLTDRs attached 
to 4 adult northern elephant seal males during their postbreeding migrations in 
1990. 



fiictora that influence the differential distributions of foraging northern 
elephant seak during their seasonal migrations. 

Our studies indicate that northern elephant seals that breed on San 
Miguel Island feed in oflbhore waters in the mesopclagic zone while pur- 
suing vertically migrating prey. Studies of the diets of these seals (Gondit 
and Le Boeuf 1984; Antonelis et al., this volume; Stewart and DeLong 
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1993) indicate that those prey are principally squid of several families that 
arc known to be vertical migrators inhabiting mesopelagic habitats (Jeflferts 
1983; Roper and Young 1975). While in the Galifomia Current north of 
San Miguel Island, male and female elephant seals eat similar prey 
(Antonelis et al., this volume; Stewart and DcLong, unpubi. data). While 
transiting through that area, however, males and females are diving to 
diflferent depths (tables 16.1, 16.2); thus they may be foraging on difTcrent 
size classes of those common prey, but we are unable to confirm this with 
the available data. Data on the diet of elephant seals in their o&hore forag- 
ing areas are lacking, but we do know from the stomach contents of other 
predators (e.g., sperm whales, beaked whales, northern right whale dol- 
phins. Pacific white-sided dolphins, Dall's porpoise) and midwater trawls 
(R. L. DeLong, unpubi. data) that squid species that are eaten by elephant 
seals in the southern part of the California Current are also present in the 
Subarctic Transition Zone, near the eastern Aleutian Islands and in the 
Gulf of Alaska. We presume that elephant seals are pursuing those prey 
during most of their periods at sea, but latitudinal differences in squid age 
and sex composition and behavior could explain the apparent difierences in 
dive depths between male and female northern elephant seals. 

Elephant seals depart breeding beaches in lean condidon, having lost 
40% or more of their body mass during breeding season fasts and lactation 
(Costa et al. 1986; Deutsch, Haley, and Le Boeuf 1990). We presume that 
they begin feeding inunediately on entering the water, a hypothesis that is 
supported by diving records and the large increases in mass of males and 
females by the time they haul out to molt (Le Boeuf et al. 1988, 1989; De- 
Long and Stewart, unpubi. data). The continuity and characteristics (e.g., 
diurnal variation in dive depth to presumed depths of the deep scattering 
layer) of diving also suggest that the seals forage continuously while at sea. 
The identification of specific destinations where seals, particularly males, 
spend several weeks or more suggests that some areas of the North Pacific 
are more productive and energetically more rewarding to northern elephant 
seals than others. Satellite imagery has revealed dynamic primary produc- 
tivity south of the eastern .Aleutian Islands and in parts of the Gulf of 
Alaska, particularly in spring and summer when ocean warming and sta- 
bilization and longer days promote explosive phytoplankion blooms (Lewis 
1989). Elephant seal males are evidently attracted to the deeper biological 
communities that respond to that heightened surface productivity. Southern 
elephant seals also appear to be attracted to similar areas of seasonally 
enhanced biological productivity along the Antarctic Peninsula and to 
other coastal Antarctic regions (Fedak et al., this volume; Slip, Hindell, and 
Burton, this volume). Elucidating the cues that attract, guide, and drive 
elephant seals to those areas will be challenging topics lor future research. 

The California Current and the North Pacihc Transition Zone (NPTZ) 
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and Subarctic Frontal Zone in the central North Pacific, where northern 
elephant seal females migrate to forage, are also known to be highly pro- 
ductive areas. The NPTZ, in particular, attracts large numbers of seabird, 
turtle, and other marine mammal predators during some seasons (e.g., 
Wetherall 1991). The near-surface communities of that area have been 
relatively well studied in recent years, especially since the explosive growth 
of the drift net squid fishery in the central North Pacific (ibid.)- But little 
is known about the mcsopelagic communities in that area which appear 
to play an important role in the foraging dynamics of female northern 
elephant seals. 

The abilities of northern elephant seals to make long-distance, deep- 
water, foraging migrations appear to be important adaptations that permit 
them to range widely during most of the year to accumulate substantial re- 
sources that are essential to the energetically demanding terrestrial-bound 
activities of breeding and molt. Because elephant seals from the San Miguel 
Island and Ano Nuevo rookeries evidently mix in foraging areas yet show 
strong fidelity to molting and breeding sites, continued study of intercolony 
differences and similarilics in foraging patterns and migrations will be im- 
portant to understanding the mechanisms that will limit and regulate the 
growth of each colony and of the still-increasing northern elephant seal 
population (see Stewart et al., this volume). 

ACKNOWLEDGMENTS 

We thank P. Yochem, B. DeLong, D. DeLong, S. Melin, G. Antonclis, S. 
Osmek, H. Hubcr, T. Ragen, and J. Francine for fu id assistance, the Chan- 
nel Islands National Park Service for facilitating our research at San 
Miguel Island, and G. Antonelis, J. Baker, I. Boyd, R. Gentry, J. R. Jehl, 
B. Le Bocuf, and P. Yochem for comments on earlier drafts of the manu- 
script. We thank Clairol Research Laboratories for supplying hair dye and 
bleach products used for marking seals and R. Hill, S. Hill, and M. Braun 
for consultation during development and field testing of the GLTDRs. 
GLTDRs were manufactured by Wildlife Computers (Woodinville, Wash.), 
and VHF transmitters were manu&ctured by ATS (Isand, Mimu). BSS 
was supported by a contract to the U.S. Air Force, Space Systems Division. 
The research was conducted under Marine Mammal Permit No. 579 to 
BSS. 

REFERENCES 

Boyd, I. L., and T. Ambom. I99I. Diving behaviour in relation to water tempera- 
ture in the southern dephant seal: Foraging implicatioiis. Polar Biology 1 1: 259- 
400. 



Copyrighted material 



POSTBREEDING FORAGING MIGRATIONS 



309 



Coodit, R., and B. J. Le Boeuf. 1984. Feeding habits and fecdiiig grounds of the 

northern elephant ^.cA. Journal of Mammalogy 65: 281-290. 
Costa, D. P., B.J. Le Boeuf, A. C. Huntley, and C. L. Ortiz. 1986. The energetics 

of lactation in the northern elephant seal. Journal of Zoology 209: 21-33. 
DeLong, R. L., and B. S. Stewart. 1991. Diving patterns of northern elephant seal 

bulls. Marine Mammal Science 7: 369-384. 
DdLong, R. L., B. S. Stewart, and R. D. Hill. 1992. Documentiiig nugratkms of 

northern elephant seals using day length. Manm Mammal Same 8: 155-159. 
Deutsch, G. J., M. P. Haley, and B. J. Le Boeu£ 1990. Reproductive effort of male 

northern dephant seals: Estimates frcmi mass loss. CmadkmJmtnuUrfZoel^sf 12: 

2580-2593. 

Favorite, F., A.J. Diomead, and K. Nasu. 1976. Oceanography of the Subarctic 
Pacific Region, 1960-1971. JtUenuUumal North Facifie fish Commissim BtUUtm 33: 1- 
187. 

Hindell, M. A., H. R. Burton, and D. J. Slip. 1991. Foraging areas of southern 
elephant seals, Mirounga leonina, as inferred from water temperature data. Austra- 
lian Journal of Marine and Freshwater Research 42; 1 15-128. 

Jefferts, K. 1983. Zoogeography and systematics of cephalopods of the northeastern 
Pacific Ocean. Fh.D. dissertation, Oregon State University, Corvallis. 

Le Boeuf, B. J., D. P. Costa, A. G. Hundey, and S. D. Fddkamp. 1988. Continuous, 
deep diving in female northern dephant seals, Mmm^a miguHimaris. CmtuSmt 
Jmtmal of Zoology 66: 446-458. 

Le BoeuC B. J., Y. Naito, A. C Huntley, and T. Asaga. 1989. Prolonged, con- 
tinuous, deqp diving by northern dephant seals. Camdian Jownud of Zoolcigjf 67: 
2514-2519. 

Lewis, M. R. 1989. The variegated ocean: A view iirom space. New Scientist 1685: 1— 
4. 

Roper, C. F. E., and R. E. Young. 1975. Vertical distribution of pelagic cephalo- 
pods. Smithsonian Contributions to Zoology 209: 1-51. 
Stewart, B. S., and R. L. DeLong. 1990. Sexual di&rences in migrations and forag* 

ing behavior northern dqphant seals. Ammctm Zoologist 30: 44A. 

. 1993. Seascmal dispersion and habitat use of foraging northern dephant 

seals. In Marine Mammals: Advances in Behavioural and Population Biology, ed. I. L. 

Boyd, 179-194. Symposia of the Zoological Society of London no. 66. London: 

Oxford University Press. 
Wetherall, J. A., cd. 1991. Biology, oceanography, and fisheries in the North Pacific 

Transition Zone and Subarctic Frontal Zone. NOAA Technical Report NMFS 105: 

1-110. 

Zar,J. 1984. Biostatistical Analysis. Englewrood Clifis, NJ.: Prentice-Hall. 



Copyrighted material 



SEVENTEEN 



Functional Analysis of Dive Types of 
Female Northern Elephant Seals 

Tomohiro Asaga^ Yasuhiko Naito, Bumey J. Le Boeuf, and Homo Sahurai 



ABSTRACT. The aim of this study was to elucidate the function individual dive 
types observed in the dive records of female elephant seals, Mirmmga angusHrostris. 
Free-ranging dive records spanning 29 to 81 days were obtained from three adult 
females from Ano Nuevo, California, in 1990, using time-depth recorders glued to 
the pelage on their backs. 

Type D dives, assumed to serve pelagic foraging, ( 1 ) accounted for 75 to 80% of all 
dives, (2) occurred in series with a mean length of lU.l to 22.9 dives, (3) had a bot- 
tom of dive element that accounted for 28 to 44% of the total dive duradon, and (4) 
exhibited longer duraticms and deeper depths during the day than at night. Type A, 
or "transit,** dives were sparsely aiul widely distributed in the reoofd, accounting for 
only 1.7 to 7.1% of all dives; they rarely occurred in a series and were the deepest 
dives observed in all records. Type C dives accounted for 2.6 to 6.8% of all dives, 
and they were the shallowest dives. They occurred in series with a mean of 3.6 to 
4.7 dives. The second descent segment of these dives, which accounted for 52 to 
58% of the total dive duration, showed a 30 to 83% reduction in descent rate over 
the preceding descent segment. There was an inverse relationship between Type D 
and Typ^ C dive frequency of occurrence as a function of ume of day; C dives 
peaked between 0400 and 1000 hours, the time interval when D dives were least 
frequent 

The results ol[ this study are consistent with the hypothesis derived from swim 
speed analysis that Type A, D, and C dives serve transit, pelagic foraging, and phys- 
idogical processing functions, respecdvely. 

By providing a continuous record of the duration and depth of dives, time- 
depth Fccorden (TDRs) provide insights into the at-sea behavior of marine 
mammals. Data fit>m TDRs allowed us to focus on the individual dives of 
northern elephant seals, M. angusHmtris, with the aim of elucidating their 
function and role in foraging. 

The diving pattern of northern elephant seals differs in many respects 
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from that of other pinnipeds. After lactation and weaning their pups, adult 
females go to sea to feed for 2V2 months. During this period, their dives 
are long and deep. Mean dive depth is 446 to 544 m, and mean dive dura- 
tion is 17.1 to 22.5 minutes (Naito et al. 1989; Le Boe uf et al. 1989). Sea 
lions {Zalophus cdifotmanus and Z. c. wollabaeki) and fur seals {Callorhinus 
ursma, Arctocephalus gazella, A. pusillus, A. australis^ and A, giUapagoensts) dive 
to mean depths of less than 100 m, and mean dive durations are less than 3 
minutes (Fcldkamp, DcLong, and Antonciis 1989; Gentry, Kooyman, and 
Goebel 1986). Weddell seals, Ltptonychotes weddelU, dive to less than 200 m 
most of the time, and more than half of their dives arc less than 10 minutes 
in duration (Kooyman 1989). Elephant seals dive deeper than sperm 
whales, Physeter catodon, who dive to mean depths of 314 to 382 m, with most 
dives being less than 500 m (Papastavrou, Smith, and Whitehead 1989). 
These comparisons suggest that northern elephant seals dive longer and 
deeper than other pinnipeds and most whales. 

Several studies have showed that many diving mammals dive in bouts, a 
series of dives over a certain period of time; diving bouts arc followed by 
rest (Gentry, Kooyman, and Goebel 1986). Northern elephant seals do not 
dive in bouts but rather dive continuously tor the duration that they arc at 
sea. The dive bouts of Weddell seals, California sea lions, and fur seals last 
for several hours (Fcldkamp. DcLong, and Antonelis 1989; Kooyman 1989; 
Kooyman et al. 1980). and so do those of blue-eyed shags, Paracrocorax 
atriceps, and Adelie penguins, Pygoscelis adeliae (Croxall et al. 1991; Naito et 
al. 1989). Female northern elephant seals dive continuously, sometimes up 
to 2V2 months at a stretch during which the seal may exhibit more than 
5,000 dives with only short surface intervals of less than 3 minutes between 
dives (Le Boeuf et al. 1989). Thus, an analysis of dive bouts, the usual 
approach in studying otariid diving behavior, is not applicable to the study 
of elephant seals. I his discrepancy suggests that elephant seal diving differs 
fundamentally from the diving behavior of otariids. 

Among California sea lions and northern fur seals, there may be rest at 
the surface, rest on land, or transit to foraging areas between dive bouts 
(Feldkamp, DeLong, and Antonelis 1989; Kooyman and Gentry 1986). 
These activities arc also observed in gcnioo penguins, Pygosceiis papua, and 
chinstrap penguins, P. antarctica (Trivclpicce ct al. 1986). The diving be- 
havior of northern elephant seals is de\ (jid of swimming at the surface ( Le 
Boeuf et al. 1992; see chap. 10), and it is not likely that they sleep at the 
surface (Le Boeuf et al. 1988). This is important for understanding their 
diving behavior, their migrations to foraging areas, and their rest or sleep 
activities at sea. There are temporal and frequency differences in dive types 
that we think elucidate the function of their unusual diving behavior. 

In this study, we analyze the distribution of distinguishable dive types of 
free-ranging female northern elephant seals during the 2V^month poiod at 
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sea after breeding. Our investigation is aimed at understanding the func- 
tion of dives in relation to foraging and in elucidating their physiological 
basis. 

METHODS 

The field aspects of this study were conducted at Ano Nuevo Point, Califor- 
nia, in 1988. Three adult female northern elephant seals were immobilized 
with ketamine hydrochloride (Briggs et al. 1975) during mid-February near 
the end of their lactation periods. A TDR and a radio transmitter (Ad- 
vanced Telemetry Systems, Bethel, Minn.) were attached to the pelage of 
the back above the shoulders of each female with marine epoxy (Evcrcoat 
Ten-Set, Fibre-Evcrcoat Co., Cincinnati. Ohio). Each seal was weighed at 
this time (sec Le Bocuf et al. 1988 for method). 

The TDR (Naito et al. 1989) was 52 mm in diameter and 193 mm in 
length and weighed 980 g in air. It was housed in an aluminum casing that 
withstood pressures to 3,000 m in depth. The instrument contained a 
diamond stylus that inscribed a line on aluminum-coated paper (20 fJL thick) 
proportional to water pressure. I he motor was capable of runnuig lor 130 
days, being powered with two 1.5 v lithium batteries. The depth range was 
0 to 900 m. Recording error was estimated at less than 2% of depth and 
duration. 

When the seals returned to the rookery in May, each one was weighed 
and the TDRs recovered. The recording paper was subsequently enlarged 
141/2 times with a reader-printer (Minolta PR507). From the strip chart 
records, the dives for each female were classified into hve dive types based 
on their time-depth profiles (fig. 17.1). This classification is based on that 
of B.J. Le Boeuf et al. (1988) with little modification and is the same clas- 
sification used in Le Boeuf et al. (1992) and D. E. Crocker et al. (this voL). 
Type A dives have a straight descent to a sharp point, then direct ascent to 
the surface. Type B dives are similar except that the bottom of the dive is 
rounded. Both A and B dives have no bottom time. Type C dives have 
direct descent to a depth, at which point the descent rate decreases dramat- 
ically until the bottom of the dive, then following a rather sharp inflection 
point, ascent to the surface is direct. Type D dives are characterized by 
direct descent to a depth, at which point there occur 2 to 12 vertical excur- 
sions or **wiggles,** ending in direct ascent to the surface. Type E dives 
show direct descent to the bottom of the dive, which is flat, and end in 
direct ascent to the surface. Dives that could not be put into one of these 
categories were excluded firom analysis. Type £ dives in this study corre- 
spond to Type E and F dives in Le Boeuf et al. (1968). 

A Hitachi H-F8844-65 was used to digitize the dives. Each classifiable 
dive was digitized with 3 to 5 points (fig. 17.1), which gave a measure of 
dive depth, duration, and descent and ascent rates. The minimum mea- 



Copyrighted material 



FUNCTIONAL ANALYSIS OF DIVE TYPES 



313 



ABODE 




Fig. 17.1. Schematic profiles of five dive types observed in the dive records of north- 
era elephant seals (adapted from Le Boeufet al. 1992). The points of each dive type 
were digitized to determine dive elements. 



sured value of surface inten als (Sis) was 0.4 minutes, set by the time 
resolution of the instrument. Sis greater than 10 minutes, extended surface 
intervals (ESIs), were excluded from statistical analysis. 

In an attempt to elucidate the temporal patterning of dive types and 
their function, we analyzed the temporal patterning of each dive type. For 
analytical purposes, we defined a dive sequence as a series of dives of the 
same type bordered by a different dive type or an ESI. That is, we regarded 
a change in dive type or a surface interval of 10 minutes or more as an in- 
terruption signaling the end of a dive type sequence and the dives following 
a change in dive type or an £SI as the beginning of a new dive type se- 
quence. An additional criterion was that a dive type sequence contain a 
minimum of three dives. 

RESULTS 

All females returned to the breeding site. Their TDRs were recovered, and 
they were weighed. All females gained a mean of 1.0 kg/day, an indication 
that they succeeded in foraging and were not impeded by the instruments. 

Summary Statistics 

The entire dive records of two females, Tuf (81 days ai sea) and Tow (64 
days at sea), were obtained. For the third subject, V'i, the first 48 days of 77 
days at sea were recorded; the last 29 days of the record were lost due to a 
tear in the recording paper. Summary statistics for all females are shown in 
table 17.1. Diving performance was similar to that of eight females reported 
in Le Boeufet al. (1988). 

Dive Type Distribution and Temporal Pattern 
To clarify the temporal frequency of each dive type, we divided each record 
into three periods: (1) beginning — the first five days; (2) end — the last five 
days; and (3) middle — the entire rest of the record. Half of the Type B 
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TABLE 1 7.2 Percentage of the various dive types in each dive peiicxl: 
bqimning (first 5 days in a dive record), end (last 5 days in a dive record), 

and middle (intervening days). 



Dive ' 



Seal 


pirieds 


A 


B 


C 


D 


E 


Tuf 


Beginning 


0.9 


1.9 


0.2 


1.8 


0.4 




Middle 


7.1 


2.1 


6.8 


74.4 


0 




End 


0.1 


0.1 


0.2 


3.6 


0.6 




Total 


8.1 


4.1 


7.2 


79.8 


1.0 


Vi 


Beginning 


0 


7.6 


0.2 


2.2 


0 




Middle 

End 


7.1 


2.7 


7.2 


78.8 


0 




Total 


7.1 


10.3 


7.4 


81.1 


u 


Tow 


Beginning 


1.5 


1.9 


0 


3.7 


0.6 




Middle 


1.7 


2.2 


2.6 


79.6 


0 




End 


0.2 


0.7 


0 


4.6 


0.7 




Total 


3.4 


4.8 


2.6 


87.9 


1.3 



dives and all Type £ dives occurred during the beginning and end periods 
(table 17.2). The mean depth of dives during these periods was not stable 
compared to dives in the middle period. Because dive depth is constrained 
by the shallow ocean floor between the rookery and the continental slope 
(Le Boeuf et al. 1988; Lc Boeuf et al. 1989), the dive records for the begin- 
ning and end periods of each record were excluded from analysis. That is, 
all analysis here excludes the first five days of all records and the last five 
days of the records of females Tuf and Tow. 

D dives were the dominant dive type in the middle period of all records 
(fig, 17.2). These dives occurred in long series. Type C dives occurred more 
finequently than Type A dives, except for female Tuf, and Type C dives 
occurred several times every day, except for female Tow. Type C dives were 
the majority of dives (68%) following ESIs. Type A dives occurred unpre- 
dictably. There were no Type E dives, and Type B dives were rare (2.1- 
2.7% of all dives); consequently, these dive types arc excluded from further 
analysis. 

Characteristics oj Dive Parameters 

Dive Depth- Duration Ratio. We tested the dive depth-duration difference 
among dive types. The mean dive depth-duration ratio of A, C, and D dives 
was 29 5 to 35.9, 13.7 to 21.2, and 22.4 to 31.3, respectively. Differences in 
these ratios among dive types were significant tor all females (Mann- 
Whitney U= 13.3, p<.05). This indicates that the classification by dive 
depth-duration profiles was suitable for dive type analysis. 
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Dive Depth, Dive Duration, and Surface Intervals. Table 17.3 shows that the 
mean depths of Type A div es were significantly deeper in all records than 
other dive types (t = 3.4, p<.05). Indeed, most dives (64-92%) deeper 
than 800 m were Type A dives, and these were the maximum depth dives 
for all females. In contrast, Type C dives were significandy shallower than 
other dive types (t = 13.3, p< .05). The longest mean dive durations of all 
females were Type G dives (t = 6.5, p < .05). 

There were no significant differences in Sis among dive types in all 
females except for Sis following Tow's Type A dives, which were signif- 
icantly longer than those of other females (t = 2.5, p< .05). 

Bottom Time and Descent and Ascent Rates. The mean bottom duration of 
Type D dives accounted for 28 to 44% of the total duration of dives. The 
mean duration of the second descent segment of Type C dives (fig. 17.1) 

took up 52 to 58% of the total duration of the dives. 

The mean descent rate duruig the second descent segment of 1 ypc G 
dives was significantly slower than in any other dive type (t = 8.8, p< .05). 
The mean descent rate during this segment represents a 30 to 83% reduc- 
tion over the descent during the first descent segment of Type C dives. In 
addition, the mean descent rates between A and D dives, except for V^i, 
were statistically significant (t = 5.8, p<.05). The mean ascent rate of 
Type C dives was slower than that of other dive types (t = 5.2, p< .05). 

Interrelationships between Dive Elements. Correlations between dive depth, 
dive duration, bottom time, and descent and ascent rates are shown in table 
17.4. Significant correlations were observed between dive depth and dive 
duration for all dive types and all females. The positive relationship be- 
tween these two variables was highest for Type G dives and lowest for Type 
D dives. The relationship between transit time and depth of Type D dives 
was strong for all females. 

For Type C dives, there were high and positive correlations between dive 
depth and the duration of the second descent segment, as well as between 
total dive duration and the second descent segment. For Type D dives, 
there were weak negative correlations between dive depth and bottom dura- 
tion. There were positive correlations between total dive duration and dura- 
tion at the bottom of dives. Weak relationships were in evidence between 
dive depth and descent rate, total duration and descent rate, and total 
duration and ascent rate. 

DielPatkm 

Number of Dives. There was an inverse relationship in the daily frequen- 
cy pattern of C and D dives in all females (fig. 17.3). Type C dives peaked 
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TABLE 17.4 Correlation coefficients between the dive elements of the 

major dive types lor each female. 



Type 



Seals 



Equation 



Duration vs. depth 



Transit vs. depth 



Bottom* vs. depth 



Bottom' vs. duration 



Descent rate vs. depth 



Descent rate vs. duration 



Ascent rate vs. duradim 



Tuf 
\ 1 

Tow 

Tuf 

Vi 

Tow 

Tuf 

Vi 
Tow 

Tuf 

Vi 

Tow 

Tuf 

Vi 

Tow 

Tuf 
Vi 

Tow 

Tuf 

Vi 
1 ovv 

Tuf 

Vi 

Tow 

Tuf 

Vi 

Tow 

Tuf 

Vi 

Tow 

Tuf 

Vi 

Tow 



0.32 y = 0.017x4- 6.357 

0.70 y«0.024x+ 2.786 

0.36 y»0.118x+ 9.084 

0.50 y = 0.028x+ 9.089 

0.25 y = 0.023x+ 14.573 

0.54 y«0.065x-»- 3.298 

0.35 y = 0.0 12x+ 11.082 

0.47 y = 0.017x-l> 10.146 

0.13 ys0.005x+ 19.404 

0.43 y = 0.019x+ 2.191 

0.48 y«0.019x+ 3.251 

0.51 y = 0.019x+ 3.03 

0.47 y = 0.019a + 3.904 

0.20 ys 0.014x4- 6.704 

0.61 y«0.043x- 1.069 

-0.05 y = 0.007x4- 8.883 

-0.10 y» 0.002x4- 6.897 

-0.24 ys0.014x -I- 16.366 

0.52 y-0.602x- 0.569 

0.54 y« 0.546k- 0.597 

0.59 y« 0.513x4- 0.478 

0.25 y-0.326x- 0.848 

0.38 y-0.462st- 3.157 

0.45 y»0.654x- 4.516 

0.10 y» 0.001x4- 0.664 

0.15 y> 0.001x4- 0.894 

0.25 y- 0.001x4- 0.577 

-0.22 y» 0.016x4- 1.206 

-0.10 y "0.017x4- 1.660 

-0.24 y« 0.018x4- 1.373 

-0.15 y» 0.039x4- 2.673 

-0.16 ys 0.010x4- 1.116 

-0.25 y" 0.016x4- 1.165 



■Bottom duration ofC'-tvpr dives are equal to the duration in second descent segment. 
*A11 correlations signihcant at p< .10 level. 
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Fig. 17.3. A frequency distribution of three dive types as a function of time of day 
for each of 3 females. 
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Fig. 17.4. Mean dive duration and mean bottom time of D-type dives as a function 
of time of day for 3 females. 
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in frequency between 0400 and 1000 hours, when Type D dives were most 
infrequent. Type A dives did not vary systematically as a function of time of 
day. 

Dive Elements. We describe the daily rhythm of dive elements of Type D 
dives only because the frequency of other dive types was low and did not 
vary with time of day. 

Mean dive duration and mean bottom duration of Type D dives were 
longer during the day than at night (fig. 17.4). The time when these dura- 
tions were longest corresponded with the modal frequency of Type C dives. 
To further investigate this association, we selected 10 Type A, C, and D 
dives at random, each of which was preceded and followed by a series o£ 
10 consecutive Type D dives. VVc then tested for differences in dive dura- 
tions of the Type D dives as a function of the preceding dive type. The 
majority of dive durations of Type D dives, 70 to 100% of them, increased 
following Type C dives but showed little increase after Type A dives 
(0-10%) and Type D dives (0-30%). 

The mean dive depths of Tuf and Vi durinc: the day (0600-2000 hrs) 
were deeper than ai night (2100-0500 hrs), but this was not the case for 
female Tow. Mean SI, descent rate, and ascent rate for Type D dives did 
not vary with hour of the day tor all females. 

Dive Type Sequence 

Type A dives showed the lowest number of dives in a sequence among the 
three dive types (table 17.5). Except for female Tow, 80% or more of Type 
C dives occurred in series. The mean duration of the second descent 
segment of Type C dives was about half of the dive sequence duration. 
The depth where the second descent segment began in Type C dives was 
constant in a dive sequence regardless of its maximum depth (F = 3.41, 
p< .01). The dive duration of Type C dives gradually increased toward the 
end of a dive sequence (50-80% of total dive sequence number). 

More than 90% of Type D dives occurred in dive sequences. The total 
duration of these dive sequences in a day was 15.5 to 20.5 hours. The bot- 
tom duration corresponded to 24 to 39% of dive sequence duration, indicat- 
ing that females remained at the maximum depth of dives for 3.6 to 8 hours 
every day. 



DISCUSSION 



This study provides additional information on the putative function of dive 
types in elephant seals. Le Boeuf et al. (1988) hypothesized that Type D 
dives serve foraging. Using information provided by measurement of svnm 
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speed, Le Boeuf et al. (1992) attributed a similar function to Type D dives 
and added that they served pelagic foraging. They further hypothesized 
that Type E dives served benthic foraging, especially in males, that Type A 
and B dives functioned primarily as transit dives during migrations, and 
that Type C dives were processing dives that facilitated digestion, were in- 
strumental in the removal of anaerobic metabolites, or served rest or sleep. 
We discuss the relevance of the present data to the presumed function of 
dive types. 

Type D dives made up 75% or more of the dive types in each of the dive 
records in this siudv, a percentage similar to that reported for females in an 
earlier study (Lc Boeuf ct al. 1988). The predominance of Type D dives — 
coupled with the large proportion of time Spent at the dive bottom 
(34.0 ±8.7% of the total dive duration), the up-and-down activity of the 
seal at the dive bottom, the rapid descent and ascent rates, and the length 
and duration of a series of these dives — is consistent with the hypothesis 
that they serve foraging (Le Boeuf et al. 1988; Le Boeuf et al. 1992). 

This hypothesis is bolstered by a number of ancillary findings r^arding 
Type D dives. 

1. They occurred regularly throughout the period at sea with the excep- 
tion of the first few days at sea and the last few days at sea when the 
animal was moving across the continental shelf. This suggests that 
feeding is not restricted to foraging areas but occurs throughout 
migration (Le Boeuf et al. 1992; see Le Boeuf^ this volume). 

2. The mean dive duration, mean bottom-of-dive duration, and mean 
dive depth of these dives arc greater during the day than at night. 
This is consistent with the hypothesis that Type D dives reflect forag- 
ing in the deep scattering layer, which contains prey that come closer 
to the surface at night and retreat to depths at midday (Le Boeuf et 
al. 1988). 

3. The firequency of Type D dives was lowest during the day when the 
frequency of Type C dives peaked. This is consistent with the idea 
that the latter type are processing dives and that the best time for the 
seal to reduce its dive rate and rest, digest food, or get rid of anaero- 
bic metabolites is when it must dive deepest for prey. Data from 
ongoing studies show that Type D dives occur with great frequency in 
both sexes and in seals ranging in age from weanlings on their first 
trip to sea to adults (Le Boeuf, this volume). 

Lc Boeuf et al. (1992) hypothesized that A and B dives were primarily 
transit dives. This was based in part on the fact that the mean horizontal 
distance covered, 1.3 km, was greater for this dive than for other dive types 
(0.6-1.1 km), and they argued further that this dive shape was most 
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efficient for horizontal travel. Our data show that Type A dives are on aver- 
age deeper and of shorter duration than Type D dives. The shorter dura- 
tion of Type A dives might be due to the greater energy expenditure re- 
quired to go deeper, which puts a lower limit on dive duration. The swim 
speed data indicate that foraging may occur during transit. The consistency 
<^Type A dives in females throughout the length of the periods at sea sup- 
ptorts this idea. We suggest further that the dives might have an exploratory 
function. This is consistent with the dive's depth and its spiked bottcMn; at 
depth, the seal may decide to abort the dive and ascend when it does not 
find suitable prey. 

With the exception of M. A. Hindell's dive analysis on southern elephant 
seals, M. Uonina (Hindell 1990; Hindell, Shp, and Burton 1991), no other 
investigators have attempted detailed descriptions of dive types in other 
species. Dives resembling the A-type dives of elephant seals, however, have 
been observed in northern fur seals and South African fur seals (Gentry, 
Kooyman, and Goebel 1986; Kooyman and Gentry 1986); 90% of the dives 
of these animals had spiked bottoms resembling the shape of A-lype dives 
of elephant seals. The investigators suggested that these dives served forag- 
ing. G. L. Kooyman (1981) came to the same conclusion about some of the 
dives of Weddell seals. 

Several findings in this study are consistent with the hypothesis that 
Type C dives have a processing function and that the animal is drifting 
down during the seccmd segment of descent (Lc Bocuf et al. 1992). First, 
Type C dives are as long as the dive durations of the other dive types, even 
though reduced energy expenditure is expected due to the animal drifting 
down during the second segment of descent rather than powering down as 
in Type A and D dives. Second, the mean distance traveled during these 
dives (0.6 km) is less than for anv other dive type (ibid.). Third, Type C 
dives were the most common dive type following an extended surface 
interval. Since we know from the swim speed study (ibid.) that the animal 
is not swimming, this is a strong argument that it is resting. The conti- 
guity of ESIs and Type C dives suggests that the latter may have a "pro- 
cessing" function similar to that of ESIs. Fourth, Type D dives that followed 
Type C dives had a longer mean duration than normal. This suggests 
that the animal was now rested or in some way better prepared to dive 
long. Last, the peak frequency of Type C dives, coupled with the low fre- 
quency of Type D dives, suggests that these two dive types have opposite 
functions. 

We conclude that our analysis of dive types is consistent with the 
hypotheses advanced regarding their function (ibid.). The ultimate tests 
of these hypotheses will be empirical and will require more sophisticated 
diving instruments than the ones currently in use. 
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Swim Speed and Dive Function in a 

Female Northern Elephant Seal 

Daniel E. Crocker^ Burney J. Le Boeuf, Yasuhiko Naito, Tomohiro Asaga, 

and Daniel P. Costa 



ABffntAGT. The objective of this chapter is to discuss the bdiavioral and metabdic 
imptications of swim speed data reoonrded from a ncMthem elephant seal during free- 
ranging diving. Variation in swim speed elucidates the observed diving pattern and 
aids in understanding foraging tactics. 

Xhe data were ohtainpH from a swim spfr<:1-fHst;»ricc meter iiiid a liiiic-dcplh re- 
corder attached to the shoulders of an 8-year-old female at Ano N'uevo, California, 
in February 1990. Swim speed, distance, depth, and duration of dives were recorded 
continuously for 29 days. 

Average swim speeds ranged from 0.91 to 1.66 m/sec for all dive sc|;mails save 
one. These numbers are similar to those obtained from diving otariids and fall %vith- 
in the predicted cruising speed range for an aquatic animal less than 3 m in length. 
Hmizontal swim speed during transit is similar to indirect measurements of transit 
velocity made by other investigators. Based on swim speed and distance traveled for 
each of five dive types apparent in the record, the two-dimensional shape of the var- 
ious dive types obser\'ed, and the temporal patterning of dive types, we hypothesize 
that the four most common dive types obser\ed serve three general functions: tran- 
sit, foraging (pelagic and benthicj, and internal physiological processes. 

The advent of the use of time-depth recorder (TDR) technology has opened 
up a new level of behavioral and physiological analysis of diving in marine 
mammals (Kooyman 1965, 1968; Kooyman, Billups, and Farwcll 1983; 
Guppy et al. 1986; Hill et al. 1987; Le Boeufet ai. 1989). Changes in depth, 
however, represent only one dimension of the behavior exhibited by an 
animal as it moves through the water column. Crucial to the understanding 
and expansion of the ideas arising from the TDR data is the development 
and deployment of an instrument that measures swim velocity. Historically, 
these data have been hard to acquire. Recent development and deployment 
of a number of different velocity instruments have allowed researchers to 
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begin to incorporate this measurement into their analyses of diving behav- 
ior and physiology (Ponganis et al. 1990, 1992; Le Boeuf et al. 1992). 

Long duration divers like elephant seals must reconcile the conflicting 
metabolic demands of responses to hypoxia and exercise. The physiological 
adaptations with which the animal defends against hypoxia must be bal- 
anced against the rate of oxygen utilization required for active swimming. 
Much of what is known about the relationship between nondiving swim- 
ming velocity and metabolism comes from exercise studies in harbor seals, 
l^oca vitulina (Davis, Williams, and Kooyman 1985; Williams, Kooyman, 
and Groll 1990), gray seals, Halichoerus grypus (Fedak 1986), and California 
sea lions, Zalophus ctdiformanus (Fcldkamp 1987; Williams, Kooyman, and 
Croll 1990). The sea lion study showed that oxygen consumption increased 
as an exponential function of swimming velocity. In contrast, investigations 
on fireely diving Weddell seals, Leptonjfckotes weddelli (Kooyman et al. 1973), 
showed that reductions in metabolic rate together with extremely efficient 
swimming hydrodynamics allow the seal to swim while diving at only 
slightly higher than resting energy costs. 

Swim velocity measured in a freely diving elephant seal offers an impor- 
tant clue to understanding the balance achieved between the opposing de- 
mands of exercise and apnea. The rarity of extended recovery periods in 
northern elephant seals, Minmnga angusHmtris^ and its implication of aero- 
bic metabolism further underscores the importance of understanding this 
balance. Variations in swim velocity can offer significant insights toward 
understanding foraging tactics as well as other behaviors exhibited during 
diving. 

Through simultaneous deployment of velocity and TDR instruments, the 
animal's swim velocity can be combined with the vertical component of its 
movements derived from the TDR data to map dives in two dimensions. 
This allows calculation of angles of descent and ascent as well as the hori- 
zontal component of the animal's movement. The shapes derived from this 
two-dimensional analysis and the energetic and behavioral implications de- 
rived from the velocity data allow us to begin to interpret the functions of 
the dive types classified as a result of the TDR data. 

In this cliaptci , wc discuss the behavioral and mcl.ibolic impHcations of 
swim speeds and the diving record obtained from an 8-ycar-old postpartum 
female northern elephant seal in 1990. We summarize the data from B.J. 
Le Boeuf et al. (1992) and offer further discussion of the results. 



MEASURING SWIM SPEED 

The swim velocity instrument or, more accurately, the swim speed-distance 
meter (SSDM) measured distance traveled by the seal as a function of time 
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Fig. 18.1. Schematic representations of five dive types that appear in northern 
elephant seal diving records. The dive types depicted are idealized and not adjusted 
for depth or time. (Adapted from Le Boeuf et al. 1992.) 



from which swim speed was calculated. The SSDM and TDR used in this 
analysis are described in detail in Le fioeuf et al. (1992). 

DIVE TYPE CLASSIFICATION 

From the TDR data, each dive was classified into one of five categories and 
a categorv' of unrlassifiable dives from shape on a strip chart representation 
of the time-depili profile (fig. 18.1). Most unclassifiablc dives appeared to 
be composites of two of the five categories. Dive types were classified as fol- 
lows: Type A dives, characterized by direct descent to a sharp inflection 
jx)int, followed by direct ascent U) the surface; Type B dives, characterized 
by direct descent ending in a rounded bottom, followed by direct ascent to 
the surface; Type C dives, characterized by direct descent to depth, at 
which point descent rate decreases noticeably but proceeds directly to the 
bottom of the dive, followed by direct ascent to the surface; Type D dives, 
characterized by direct descent to a depth, followed by 2 to 12 vertical ex- 
cursions, followed by direct ascent to the surface; and Type E dives, char- 
acterized by direct descent to a flat bottom followed by direct ascent to the 
surface. 

SWIM SPEED AND DISTANCE CALCULATIONS 

Swim speeds were calculated for dive segments and paired with the TDR 
data to draw two-dimensional vector triangles, the missing dimension being 
the spatial orientation of the animal at any time. The horizontal distances 
calculated in this analysis do not equate to linear s%vimming distance as 
the animal could have been turning during the course of a dive. These 
distances calculated are simply the horizontal component of the animal's 
movement durii^ the course of a dive segment or dive. As the maximum 
calibrated speed measured by the instrument was exceeded on some dives. 
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all speeds and distances calculated should be considered minimum esti- 
mates. Similarly, angles of ascent and descent calculated are maxima. For a 
detailed explanation of the methods and potential sources of error, see Lc 
Boeufetal. (1992). 

SWIM SPEED MEASURExMENTS 

Excluding the second descent segment of Type C dives, mean swim speeds 
for dive segments ranged from 0.91 to I 66 m/sec. The mean velocity for all 
8q;ments of ail dives was 1.24 ± 0.21 m/sec. 

On average, mean descent speeds were 27% faster than ascent speeds. 
This difference was statistically significant for all dive types. Descent speeds 
were similar across all dive types except for the second descent segment of 
Type C dives, which exhibited a significant reduction in swim speed. The 
second descent s^ment of Type C dives averaged 0.59 m/sec. in swim 
speed. Velocity on descent averaged 1.5 m/sec., while ascent and bottom 
velocity averaged 1.0 m/sec. No swimming was recorded at the surface 
above the stall speed of the instrument (0.4 m/sec). Energetic concerns 
might preclude swimming above tliis speed due to increased drag at the 
sur&ce. No swim speeds below 0.4 m/sec were recorded during diving. 

COMPARISON OF SWIM SPEEDS 

The swim speeds recorded by the SSDM fall predominandy within the 
range of 1 to 2 m/sec, suggested by G. L. Kooyman (1989) as the cruising 
swimming velocity for animals up to 3 m in length. Recent investigations of 
swimming velocities in otariids (Ponganis et al. 1990) found a similar range 
for four species (0.9-1.9 m/scc). It might seem that the larger elephant seal 
should swim faster than the smaller otariids since drag increases with the 
surface area or L^, while the power increases directly with muscle volume 
or L^, where L = length. Y. U. G. Aleyev (1977) suggests that swim speed 
varies directly with the frequency of the propulsive movement, which de- 
creases with increasing muscle length, but that the drag/power relationship 
holds true for animals with a length less than 4.5 m. This would include our 
experimental animal. 

The shorter dive duration, trip duration, energetically costly surface 
swimming, and different foraging strategies seen in the otariids suggest that 
a different compromise must be reached between the metabolic require- 
ments of exercise and apnea and may explain the similar swim velocities 
seen in the long duration diving elephant seals. Swimming at MC T veloci- 
ties allows an animal to cover a given distance with the minimum total 
oxygen consumption. If, however, the animal's emphasis is on achieving 
a lower rate of oxygen consumption and thereby a longer duration dive, 
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swimming at lower than MCT velocities might occur. A nonactive swim- 
ming or drift component to diving would contribute to this effect. 

This idea is further supported by an energetic and physiological com- 
parison of otariids and phodds. Studies have found that four species of lac- 
tating otariids expend energy at sea at five times the predicted basal level 
(Costa and Gentry 1986; Costa, Croxall, and Duck 1989; Costa, Thorson, 
and Kretzmann 1989; Costa, Antonellis, and DeLong 1990). Metabolic 
rates of diving elephant seals were estimated from dive durations and avail- 
able oxygen stores to be only 1.3 dmes the predicted basal rate. Phodds 
have increased blood oxygen storage capacity due to a higher hematocrit 
(Lenfanty Johansen, and Torrance 1970). This increases blood viscosity and 
reduces optimal oxygen transport (Hedrick, Dufiield, and Cornell 1986). 
Otariids, in contrast, have lower hematocrits that fall within a more <q>ti- 
mal range for oxygen transport (Hedrick and Duffidd 1991). 

COMPARISON WITH OTHER ELEPHANT SEAL 
INVESTIGATIONS 

A number of investigators in this volume present average daily transit velo- 
cities that allow comparison with the speeds measured by this instrument. 

Wc predict that these transit velocities would be somewhat lower than our 
recorded swim speeds as they ignore the vertical component of the animal's 
movement and include surface intervals for which our data indicate a lack 
of swimming. Wc can derive a comparable measure by dividmg the calcu- 
lated horizontal distance covered for each presumed transit dive by the 
dive duration. This yields a mean horizontal transit velocity of 1 .00 ± 0.46 
m/sec. 

This speed is similar to the values reported for adult northern elephant 
seals, 0.89 to 1.03 m/sec. (Le Bocuf, this volume) and 1.04 to 1.15 m/sec. 
(Stewart and DeLong, this volume), and southern elephant seal females, 
0.55 to 1.03 m/sec. (Fedak et al., this volume). D.J. Slip, M. A. Hindell, 
and H. R. Burton (this volume) present a range of transit speeds for south- 
ern elephant seals from 80 to 240 km/day or 0.9 to 2.8 m/sec. While the 
lower part of this range is similar to our measurements, a more complete 
accounting of which individuals exhibited higher transit speeds is required 
for meaningful comparison. 

If we assume similar geometries to those obtained in this study, a transit 
speed of 2.8 m/sec. seems somewhat high. Using angles of ascent and 
descent derived tcom this study and assuming a ncmswimming, surface in- 
terval of 1.5 minutes and an average dive duration of 20 minutes, a bori- 
zontal transit speed of 2.8 m/sec. yields a sustained swimming velocity of 
3.4 m/sec. for the transit period. This is clearly beyond the capabilides 
exhibited by our female. 
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One possible explanation is that elephant seals might sometimes adopt a 
different mode of swimming that maximizes transit velocity at the expense 
of the total dive duration. This could represent flexibility in diving behavior 
that might be essential in a high predation environment where the depth of 
dives might be bathymetrically constrained. This alteration in swimming 
mode would be evident in the relationship between transit velocity and dive 
duration. A number of new records obtained from southern elephant seals 
show a dramatic shift from high transit velocity, short duration dives over 
the continental shelf to the more typical diving pattern as the animals reach 
deep water (C. Campagna, B.J. Le Boeuf, unpubL data). 

Recent deployment of velocity instruments on translocated yearling 
elephant seals has measured swim velocities similar to those presented in 
this study (R. Andre%vs, pers. comm.; P. Thorson, pers. comm.). 

SPEED CHANGES DURING DIVE SEGMENTS 

Since the sampling regimen of the SSDM was linear with respect to dis- 
tance, not time, we were unable to assess instantaneous velocity or accelera- 
tion. However, numerous instances of what we termed ""burst diving," 
rapid decreases and increases in speed within dive s^ments, were observed 
in the data. This level of detail was lost in the average speeds calculated for 
dive segments. To quantify this aspect of diving behavior, we looked at 
iht variance among speed values within segments of dives. Burst diving 
occurred predominantly during descent and most c^n at the bottom <^ 
Type D dives. This behavior was significantly less frequent on the ascent 
segments of all dive types. Changes in swim speed occurred moat infre- 
quendy during the second descent segment of Type G dives. 

ANGLES OF ASCENT AND DESCENT AND DISTANCE TRAVELED 

Figure 18.2 shows the average two-dimensional plots for each dive type. 
Angles of descent were on average shallower (30° to 56°) than angles of as- 
cent (52° to 82°). Angles of descent and ascent could not be calculated for 
Type B dives, due to ihcir rounded bollom. However, the great similarity 
between Type B and Type A dives in evcrv' other aspect of this analysis 
argued for combining them as Type AB dives for subsequent analysis. 

FUNCTIONS OF DIVE TYPES 

The data snuggest that the different dive types serve three main functions. 
Wc hypothesize that I ype AB dives may serve as transit dives. The average 
two-dimensional shape of Type A and B dives is notable for the great 
amount of horizontal distance covered: the seal averaged 1.2 km per dive. 
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Fig. 18.2. Two-dimensional sliapcs lor cacli of the five classified di\'e types, showing 
mean angles of ascent and descent and mean distance covered for segments of dives. 
(Adapted from Le Bocuf et al. 1992.) 

Similarly, Type A and B dives had the shallowest angles of ascent and 
descent. Moreover, there is the strong degree of asymmetry seen in these 
dives. Horizontal distance covered was approximately three times greater 
on descent than ascent. 

Returning to the central question of oxygen utilization and the balance 
between swimming effort and responses to hypoxia, we propose that this 
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asymmetry represents a more energetically efficient way of covering hori- 
zontal distance. If the animal is negatively buoyant, it could drift down or 
swim aided by gravity and then swim actively to the surface. On an average 
Type AB dive, this would enable the animal to cover 1.2 km of horizonud 
distance, while actively swinuning or swimming unaided by buoyancy for 
only half of that distance. The energy savings would have to be substantial, 
as actual distance covered is increased. However as metabolic expenditure 
is directly related to swimming effort, this is possible. 

Type AB dives were interspersed throughout the record but occurred in 
greatest numbers in long uninterrupted series during the first 19 days at 
sea. The strong asymmetry in shape, great horizontal distance covered, and 
temporal patterning of Type Afi dives are all consistent with their hypothe- 
sized function as transit dives. 

The data suggest that Type G dives may be ^'processing" dives, where 
behavior and energy utilization are focused on internal processes such as 
digestion and clearing of metabolites rather than external processes. Type 
C dives showed the shortest horizontal distance covered. The second de- 
scent segment of Type C dives averaged about a third of the speed of other 
sq^ments of all dive types. This reduction in swim speed tended to occur at 
the same depth within a series of Type C dives. On average, this slow 
swimming period accounted for almost half (46.9%) of a Type G dive*s 
duration. 

It has been hypothesized that diving mammals arc trying to maximize 
their time underwater while foraging (Kooyman 1981; Fedak, PuUen, and 
Kanwisher 1988; Kramer 1988). While this idea is not necessarily appli- 
cable to other types of dives, we argue that the pattern of C dives exhibited 
by n(M'diam elephant seals suggests its application to Type C dives. These 
dives occur in distinct bouts, with little variance in the inflection depth or 
second segment descent rate. It is unreasonable that the seal would return 
to the surface with remaining oxygen reserves and then spend potential 
foraging time and energy to return to depth and repeat the same behavior. 
If this is true — and whatever happens metabolically during diving is a con- 
stant across dive types — a dive type with a significantly lower swim speed 
would be expected to have a significantly longer duruiion. However, the 
mean duration of Type C dives (21.4 min.) is not significantly different 
from that of Type AB dives (21.6 min.), where the animal swims faster and 
covers on average twice the horizontal distance. Analysis of TDR records 
from 23 elephant seals including yearlings, adult females, and adult males 
show that Type C dive durations arc not significantly different from Type A 
dive durations (Paired t-test, t=— 0.05, p>.05; B. Lc Boeuf, P. Morris, 
and D. Crocker, unpubl. data). From this, wc infer that something different 
is happenini^ metabolically during Type C dives. 

Oxygen savings trom reduced swim speed might be used in the process- 
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ing of food or metabolites incurred during diving. Oxygen savings could be 
used in perfusion of organs that incurred restricted blood flow on other 
types of dives. Type C dives did not appear in the record until day 1 7. This 
coincides with a relative decrease in the frequency of Type AB dives and a 
concomitant increase in the frequency of Type D dives. 

Feeding studies on northern elephant seals have shown increases in 
metabolic rate averaging 65% 4 to 5 hours after feeding (P. Thorson, pers. 
comm.). If foraging occurs in long bouts, the increase in energy expenditure 
due to digestion might negatively impact the balance between the increased 
oxygen utilization required for active foraging and the hypoxia of diving. 
However, if the metabolic changes associated with food processing could be 
coupled temporally with decreased oxygen requirements due to decreased 
swimming effort, this impact could be significantly lessened. 

A subsequent paper will test a number of predictions based on this idea 
in an attempt to demonstrate a more conclusive pattern of evidence sup- 
porting this hypothesis. The real test, however, will be to attempt to illicit 
this dive type in the homing paradigm (sec Lc Bocuf, this volume) and to 
directly measure perfusion of the digestive tract and swimming muscles. 
The metabolic issue raised here, the overall significantly lower swim speed, 
and the temporal patterning of this dive t\ pe in the record, are consistent 
with Type C dives serving a physiological process. 

Type D and Type E dives appear to have characteristics consistent with 
foraging. The vertical excursions seen at the bottom of Type D dives are 
consistent with searching, pursuing, and capturing prey. 1 ype D dives 
occur red in long series and were the most common dive type. Both of these 
characteristics are consistent with foraging. 1 > pe E dives might serve feed- 
ing on the bottom, or benthir foraging. These dives also occurred in long 
series. The depths of the bottom segments within a series of Type E dives 
were relatively invariant. Though the depth sometimes changed slightly 
during the course of a bottom segment, the succeeding bottoms in a series 
appeared to start close to the depth at which the preceding bottom ended. 
This gives the impression that the animaPs movement was following the 
bottom topography, though geolocation and bottom depths are needed to 
be conclusive. Moreover, the descent and ascent angles were abrupt in both 
of these dive types, suggesting that the animal descended directly to a depth 
where prey were found, spent one-third of the dive*s duradon foraging, then 
returned directly to the surface. The increased incidence of speed changes 
seen in both dive types, especially during the bottom segment of Type D 
dives, is also consistent with foraging. 

A recent investigation of sex differences in foraging patterns in northern 
elephant seals (Le Boeuf et al. 1993) offers strong support for this character- 
ization of Type D and E dives. Diurnal variation in depth for Type D dives 
was found which is oonsbtent with movements of the deep scattering layer 
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and was not evident in any other dive type. This dive type might account 
for most of the diurnal variation in dive depth and duration reported by 
many investigators. 

A strong association of Type £ dives with a>astal regions was also dem- 
onstrated. However, the geolocation of many of these dives might be suf- 
ficiently far away from the continental shelf to preclude benthic foraging. 
Stewart and DeLong (this volume) also argue that the geolocation of their 
Type E dives precludes benthic foraging. However, a recent shipboard 
validation study of a geolocation TDR revealed a strong, consistent, south- 
ernly bias to geolocation estimates in the area in question (S. Blackwell and 
B. J. Le Boeuf, unpubl. data). This bias might preclude the use of light- 
level geolocation to obtain precise correlations between diving behavior and 
bathymetric features. 

This analysis represents a first effi>rt at using velocity and TDR instru- 
ments together to investigate questions concerning diving behavior. New 
and better instruments that allow assessment of instantaneous velocity and 
accderadon will allow a much finer level of analysis than that presented 
here. Future generations of instruments will also have higher upper ranges 
so that a more a<xairate picture will emerge. However, the relationships be- 
tween the numbers in this study allowed us to formulate hypotheses that 
will form the basis of future investigations. 
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NINETEEN 



Apnea Tolerance in the Elephant Seal 
during Sleeping and Diving: 
Physiological Mechanisms and 
Correlations 

Michael A, CasieUim 



ABiTftAcr. To better understand the diving behavior of elephant sealt, it is neces- 
sary to study how their diving physiology limits their diving behavior and how 
behavior fits into die window of physiological options. Unfbrtunatdy, the diving 
iriiysiology of elephant seals is very difficult to study because the seals are at sea and 
inaccessible during most of the year. However, when on land, they exhibit long 
duration breath holds during sleep that can last over 20 minutes. By studying these 
periods of breath holding during sleep, we have found that the physiology of sleep 
apnea appears to be very similar to the physiolog\ of diving apnea. We suggest that 
the control processes in\olved in both states may be similar enough to allow us to 
study some of the aspt ( is of diving physiology by instead examining the animals 
while they hold their breath on land. 

Diving behavior and physiology are integrally related components to the 
Study of "diving Ini^ogy" in any species. Given the physiological limits that 
may be placed on a species, diving behavior must fit into those constraints. 

For example, most natural dives of the Weddell seal, LepUmychotes weddelli^ 
appear to fall within the physiological time window of the seal's aerobic 

diving limit (Kooyman rt al 1980). While a tremendous amount of knowl- 
edge has recently been trained about the diving behavior of the elephant 
seal, the seal's pelagic nature makes it almost impossible to study diving 
physiology. However, these seals also exhibit extremely long duration (up 
to 20 min.) breath holding while sleeping on land. This behavior allows us 
to study the physiology of apnea under more controlled conditions and ex- 
trapolate our findings to what may be occurring during diving apneas at 
sea. Using this method, we have been attempting to understand some of the 
components of diving physiology in elephant seals that may not be attain- 
able by other methods. Unfortunately, the sleeping habits of seals arc one of 
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those behaviors that marine mammal biologists have often informally 
observed but not documented. Consequently, it is "common knowledge" 
that seals hold their breath while sleeping and that in captivity they often 
sleep on the bottom of their pools. For example, at the National Zoo in 
Washington, D.C., there is a sign in front of the gray seal exhibit telling the 
pubhc that the seals lying motionless underwater on the bottom of the tanks 
are not dead, just sleeping. There have been very few formal studies of 
sleeping seals, although there are some data available from various projects 
in which sleeping seals were coincidentally observed as part of larger be- 
havior or physiology programs. Sleep in seals, however, offers a window 
into the study of mammalian metabolic and physiological tolerance to 
apnea that is not easily modeled by any other system. The primary ques* 
tion in this review is whether sleep breath holding is analogous to diving. 

The study of the physiology of naturally diving marine mammals is con- 
founded by the fact that the animals are at sea, and it is very difficult to 
even track them, let alone obtain solid physiological data on basic param- 
eters such as heart rate or body temperature. The vast majority of natural 
diving physiology data has come ttom work on WcddcU seals in Antarctica. 
By working on the sea ice from experimental dive sites, scientists have been 

able to study this species in a relativeK confined area and be reasonably 
sure that the seal will return to the experimental hole after each dive. 
This experimental protocol has provided most of the physiological data on 
natural diving in pinnipeds (Kooyman 1981, 1989). Under these condi- 
tions, however, natural diving is complicated by its two major components: 
underwater exercise and breath holding. These two processes compete with 
one another for the limited supply of oxygen that the seal carries with it 
from the surface. Exercise increases oxygen demand, while diving calls lor 
reducing oxygen consumption. Seals balance such seemingly conflicting de- 
mands on each dive, but it is difficult for the scientist to distinguish how the 
physiological and metabolic data reflect that balance. For example, does 
the pattern of heart rate variability during diving reflect the demands of ex- 
ercise, or does diving reduce the heart rate that would occur if the seal was 
simply exercising? This may at first seem like a mere semantic distinction, 
but it is not. To understand how scab survive extremely long periods 
underwater, it is cridcal to know how they balance their response to hypo- 
xia and their response to exercise. Understanding this balance is why there 
has been such a concerted effort to obtain swimming velocities on diving 
seals. Given a constant supply of oxygen, a seal swimming quickly would 
presumably consume oxygen faster than if it was swimming slowly. This 
would make the aerobic dive time shorter and alter underwater efficiency. 
Such alterations have dear implications for foraging theory and for migra- 
tion. No matter what aspect of natural diving behavior b being studied, 
there b always some question about the amount of oxygen carried and the 
rate at which it b utilized. 
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How does sleep physiologfy interact with this area of diving physiology? 
During the long periods of apnea in sleep, the seal experiences hypoxia but 
without the simultaneous demands of exercise. Thus, the seal in sleep 
apnea offers the opportunity to study how the animal reacts to breath hold- 
ing without the additional energy requirements of swimming, foraging, or 
underwater traveling. It is a completely natural process in these animab, 
and as a group, the seals exhibit the longest duration normothermic sleep 
apnea of any mammal. Long duration sleep-associated apnea appears to be 
a strictly phocid attribute and has not been seen in otariids or cetaceans* 
Even so, it has been formally reported in less than half a dozen species of 
seals. By far, the greatest amount of information on sleep phvsioloe^y in 
seals comes from studies of the northern elephant seal. G. A. Bartholomew 
(1934) first described the phenomenon by placing his hands on the chests of 
sleeping elephant seals and counting the heartbeats. R. C. Hubbard (1968) 
discussed the general cardiorespiratory pattern of sleeping elephant seals. 
A. C. Huntley (1984) cataloged some of the basic cardiorespiratory and 
sleep stage patterns in pups. S. B. Blackwcll and B. J. Le Boeuf (1993) de- 
scribed developmental changes in sleep apnea fnjm birth to adulthood. 
Since 1987, our laboratory' has been involved in detailed studies of the 
metabolic implications of long duration sleep apnea in seals, mainly 
elephant seals (for review, see Castellini 1991). 

PHYSIOLOGY OF SLEEP-ASSOCIATED APNEA 

There are four primary areas to consider when discussing the physiology of 
sleep apnea in seals: respiratory, cardiac, circulatory, and metabolic altera- 
tions. The clecirophysiology of sleep in pinnipeds is also of great interest 
but will only be referred to here when sleep staging is important to better 
understand the four areas noted above. In each ol ihcsc areas, data from 
diving apnea will be compared and contrasted. The goal of this section is to 
ask how sleep and dive apnea may be related, keeping in mind that while at 
sea, seals may sleep while at depth and thus combine the two events. Most 
of this information comes from studies on elephant seal pups, with some 
comparative work on WcddcU seals, i his is all wry recent work and is still 
in the process of being analyzed. Thus, a great deal of this discussion is 
based on personal observations, but references to work already published 
will be noted as available. 

Respiratory Pattern 

In elephant seal pups, the typical respiratory pattern while sleeping is to 
link together sevoral periods of apnea and eupnea into one "bout" of sleep. 
Thus, the seal may sleep for 30 to 40 minutes and during that time go 
through a 10-minute period of apnea, 2 to 3 minutes of eupnea, another 
apnea, another short eupnea, and then a final apnea before waking. Figure 



Copyrighted malBrial 



V 



-o 

c 
o 
(J 

■5 ^ 



o 



> 

I 

CO 



t3 



C 

c ^ 

So ^ 



SI 



1) 
c 



C 

o 



I 

•a 

.2 
c 

» ^ 

a 
o 



c 

s 1 



C *i O 



bo 
C 



c 
a 

u 

Cm 
O 



4^ 

J3 



s 

u 

3 



a 

a 

« 

c 

f 

13 

e 



bO 

c 
•n 

T3 



Q. « 



1^2 
2 



e 

^ Si 



o 
> 



a. o 



•5 



c 
o 

S 

a 

CO 



O £ 



o 

u 



C C 

ill 

a 



o 

c 5 



V9 



V 

JS, 

M 

3 

8 

c 

B 

w 

• ^ CO 



o 

i-l 
Q. 

•s 

e 
o 

bo 
c 

c 
a 

T3 

> 
u 

s ^ 

JS ^ 



"5 i3 

Q. *- 
bO 



- V. 



<u 



£ 

O 

c 



c 



- J -J 



t/j 



ri 
C 

o. 



bb S ^ 2 



c 

PS 
u 

5J 



n! 

o 
•5 

u 

u 

S 

■s 
I 

.S3 

lO 
u 
C 



8-a 



Copyrighted material 
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19.1 shows a short (2.5-min.) breathing interval between two longer apnea 
periods. There are many variations to this pattern, but it is critical to note 
that apnea is not a prerequisite for sleep (i.e., a sea! can be ventilating and 
sleeping) and that sleep is not a prerequisite for apnea (an awake seal can 
breath hold). However, the longest apneas appear only during sleep, and 
awake apnea seems to have a limit of about 5 minutes. The longest period 
of apnea that has been reported on a 4-month-old elephant seal pup is just 
over 11 minutes (Castellini, Costa, and Hundey 1986), but recent record- 
ings have exceeded 14 minutes. Average apnea duration ranges firom about 
6 to 8 minutes for a 3V^ to 4-month-old pup. It is interesting to note that 
the pattern of long apnea relative to short eupnea is similar to the repetitive 
diving habits of both elephant seals (Le Bocuf et al. 1986) and Weddell 
seals (Castellini, Davis, and Kooyman 1988). This pattern implies that 
oxygen loading and carbon dioxide dumping are accomplished quickly 
during the respiratory period and that there is no metabolic processing of 
hypoxic end products. In fact, as will be discussed in detail later, there is 
no apparent change in plasma lactate or glucose during or after sleep 
Bpaeti in elephant seals. Neither we nor Hubbard (1968) were able to find 
a clear correlation between the length of the eupnea and the length of the 
preceding apnea, although Hundey (1984) saw such a relationship in 
his study, which was conducted using different methods on restrained pups. 
Similarly, there is no relationship between the surface interval duration and 
preceding dive duration interval in elephant seals (Le Boeuf et al. 1988). In 
Weddell seals, there is no relationship between dive time and surface time 
during aerobic diving, but there is a longer sur&ce recovery time correlated 
to increasing postdive lactate loads after anaerobic diving (Kooyman 
et al. 1980). Thus, both sleep apnea and diving apnea have the similar 
appearance of short eupnea periods between longer apnea periods, occur 
in bouts, and appear to be mosdy aerobic. 

Cardiac Pattern 

The bradycardia associated with natural diving seals is well documented 
and has been shown to be related to the length of the dive (Kooyman and 
Campbell 1973) and to ascent and descent patterns (Hill et al. 1987) and 
therefore, presumably, to both effort and the need to stay underwater as 
long as possible. Similarly. Bartholomew (1954) noted that there was 
bradycardia in sleeping elephant seals with a reduction in heart rate from 
about 65 beats per minute (BPM)to 54 BPM in adults. G. L. Kooyman 
(1968) recorded the heartbeats of sleeping Weddell seals and also observed 
a decline in heart rate of about 30 to 40% in adults. S. H. Ridgway, R. J. 
Harrison, and P. L. Joyce (1975) demonstrated a slowing of heart rate in 
sleeping gray seals, and Huntley (1984) recorded the electrocardiogram 
(EKG) of restrained, sleeping elephant seal pups and showed that the aver- 
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age sleeping heart rate declined during apnea to about 70% of average, 
awake, breathing values. This pattern of bradycardia during the sleep 
apnea in seal pups appeared straightforward until we recendy found two 
patterns that suggest the heart rate changes may be more complicated. 
First, the "bradycardia" in sleeping northern elephant seal pups seems to 
be age related in that 2-month-old pups neither drop their heart rate as low 
as 4-month-old pups nor seem to hold the heart rate steady during apnea. 
This same pattern has been seen in Wcddcll seal pups (Kooyman 1968). 
Second, there may not actually be a true bradycardia in the sense of the 
dramatic instantaneous decline seen in diving animals. By analyzing the 
EKG with an instantaneous beat-to-beat heart rate analyzer, wc found that 
during eupnea, the older pups show a normal sinus arrhythmia. That is, as 
they inhale, heart rate increases, and as they exhale, heart rate declines. 
During eupnea, heart rate varies from about 80 BPM high to about 50 
BPM low, for an "average" hrai r rate of about 65 BPM. As the pups enter 
into apnea with the last exhalation of their breathing period, the heart rate 
declines just as it had during the exhalaiicni in cupiica and then stays at the 
50 BPM rate during the long apnea. This pattern is clearly shown in figure 
19.1. Thus, it seems that the "bradycardia" associated with sleep apnea is 
actually the low heart rate of a normal respiratory cycle and that the apnea 

is just a very' long breath pause, at least in terms of cardiac control. The 
only time that the heart rate becomes very low during sleep is when the pup 
moves from slow wave sleep (SWS), which is the predominant type of sleep 
state, into rapid eye movement (REM) sleep. At this point the heart rate 
can get very low (around 20-25 BPM) and become quite variable. 

The heart rate of freely diving elephant seals is being studied at this time 
(R. Andrews, pers. comm.). Preliminary evidence suggests that the most 
common heart rate of freely diving elephant seals may, in fact, be closer to 
the rate seen during sleep apnea than to low rates more often associated 
with forced diving conditions. However, very low heart rates have been 
observed and reinforces the point that the heart rate in these animals is not 
a reflex and is probably under higher-level control. Therefore, what at one 
time seemed to be clear sleep and dive apnea bradycardia may not remain 
as dear as more information is collected. 

Circulatory Alteratums 
In 1980, Kooyman et al. found that the hemoglobin (Hb) levels in the 
blood of freely diving seals varied before and after dives. When the seals re- 
turned from a dive, the Hb levels would be high but declining. Later, J. 
Qvist et al. (1986) showed that Hb and hematocrit (Hct) in Weddell scab 
began to increase as soon as the dive began, leveled out at high values dur^ 
ing the dive, and then declined afterward. M. A. Castellini, R. W. Davis, 
and G. L. Kooyman (1988) showed that the Hct in Weddell seals tended to 
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stay high during an entire diving bout and only returned to restiiig levels 
during very long breaks in diving. This variation in Hct has been proposed 
to be caused by the sequestering and release of red blood cells (RBC) by 
the spleen during diving events (Zapol 1987). The maximization of Hct in 
the interdive suriace interval would certainly facilitate the rapid loading of 
oxygen and also maximize the amount of oxygen that could be carried by 
the blood. Increased Hct is also known to occur in racing horses and dogs 
during sprint events (Harris et al. 1986). This is a perfect example of the 
difficulty of trying to separate diving into its exercise and apnea compo- 
nents. Does the change in Hct in diving seals come about because of exer- 
cise, or is it related to breath holding? As it turns out, sleeping seals may 
provide the answer. 

In 1986, M. A. Castellini, D. P. Costa, and A. C. Huntley found that the 
Hct in sleeping elephant seal pups began to increase as soon as the apnea 
started and then declined as soon as breathing began. It has recently been 
found that when several apnea-eupnea-apnea cycles are linked together, the 
Hct suys elevated during the entire cycle and then drops to resting values 
vthen the pup is awake and breathing for a long period. Therefore, it seems 
reasonable to conclude that the change in Hct that occurs in diving seals 
most likely arises from the apnea response and not iirom exercise. If the 
spleen is the modulating organ for this phenomenon, then it must begin to 
contract on the initial apnea and sequester RBC during eupnea. However, 
if the next apnea follows soon after the short eupnea, there would not be 
enough time for all the cells to be gathered, and thus the Hct will stay 
somewhat elevated during the breathing period. 

The striking similarity between the diving and sleeping apnea alterations 
in Hct suggests that the neurological mechanisms involved in initiating and 
maintaining the apnea are the same for both diving and sleeping. This is 
a critical point because sleep apnea in seals appears to be centrally con- 
trolled. That is, it is a neurologically influenced event and not obstructive 
apnea. In obstructive apnea, which is very common in humans, the upper 
airway becomes blocked during sleep as the tissues around die trachea re- 
lax and the patieiu begins, essentially, to sufibcate. In obstructive apnea, 
the patient tries to breathe but cannot and must awaken to break the pat- 
tern (Strohl, Chcrniak, and Gothc 1986). In seals, there is no attempt to 
breathe during the sleep apnea event (fig. 19.1). The apnea is controlled 
from higher central nervous system centers, and the same neural inputs 
that initiate the breath hold must also contract the spleen. The advantage 
of a high Hct, in both sleeping and diving seals, is that they can load oxy- 
gen quickly during the short eupnea period following the apnea. 

There are additional changes that occur in the circulation of sleeping 
seals that strike parallels with the di\ing condition. It is well known that 
there are marked circulatory perfusion shifts that occur in diving seals. The 
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classic dive response involves shunting blood flow away from the peripheral 
tissues and conserving the oxygen-rich blood for the more aerobic rrntral 
organs, such as the brain and heart. This shunting has been visualized in 
a variety of methods, but one that is relevant here is a procedure that 
examines how plasma radioisotope tracers can show such shifts. When a 
radioactive mrtabolic tracer is injected into the circulation of a diving seal, 
the tracer slowly equilibrates into the blood pool and is only slowly utilized 
until the dive ends. At that point, the tagged tracer is metabolized at the 
normal resting rate. At the point of inflection, the specific activity of the 
tracer in the plasma falls dramatically and provides a qualitative method to 
visualize the transition. This process appears to occur in both laboratory 
dives fCastrllini ct al. 1985) and natural dives (Guppy et al. 1986). Simi- 
larly, such transition points have been observed at the apnea/eupnea transi- 
tion at the end of sleep apnea in northern elephant seal pups (Castcllini 
1986). When a tracer is injected into a sleeping seal, it follows a distinct 
pattern during the apnea and is then altered as soon as breathing occurs. 
These data imply that the same type of eirrulatorv' shifts that have been so 
well documented in diving seals may also occur in the sleeping seal. 

On the basis of these two different indications of circulatory modifica- 
tions that occur in sleepiing seals, it is tempting tf) sugi^es! that many of the 
same control mechanisms that regulate circulation during diving also occur 
in the sleep apnea event. 

Metabolic Changes 

While diving, there are a variety of blood chemistry changes that can occur. 
The first and most obvious is that blood oxygen decreases as the dive 
progresses, and the animal becomes hypoxic. Carbon dioxide partial pres- 
sure increases, and there is a respiratory acidosis induced by the high CO2 
(Kooyman et al. 1980; Qvist et al. 1986). During long dives, beyond the 
aerobic diving limit (ADL), lactate accumulates in the periphery and is 
flushed into the circulation when the peripheral tissues are reperiused after 
the dive ends (Guppy et al. 1986; Kooyman et al. 1980). Despite the low 
oxygen levels that are reached in all dives, the majority of dives, at least in 
Weddell seals, are known to be aerobic and do not show the characteristic 
increase in lactate after the dive. Similarly, the concentration of plasma glu- 
cose, the ultimate substrate for the lactate, drops during anaerobic diving 
but does not change during aerobic diving (Castellini, Davis, and Kooyman 
1988; Guppy et al. 1986; Kooyman et al. 1980). Finally, during bouts of 
dives, there appears to be very little change in glucose or lactate over hours 
of diving unlos a long dive occurs (Castellini, Davis, and Kooyman 1988). 

During sleep apnea, blood oxygen declines to very low levels, CO2 in- 
creases, and there is a respiratory acidosis (Kooyman et al. 1960). How- 
ever, plasma lactate and glucose remain stable and do not change before. 
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during, or after any single apnea or bout of apnea (Castellini, Costa, and 
Huntley 1986; Castellini and Castellini ld89). Thus, sleq> apnea would 
appear to be mostly aerobic. This makes sense, since the seal sleeping on 
the beach can simply breathe when it becomes necessary. However, this 
does raise an interesting problem for seals that may be sleeping underwater 
at sea. If a sleeping seal has dropped its blood oxygen and raised its carbon 
dioxide to the point where is it necessary to breathe, it cannot ventilate if 
it is at 500 m depth. It would seem to be necessary for the seal to either 
awaken and swim to the surface or to somehow stay asleq) and get to the 
sur&ce. We know that sleeping elephant seal pups can come to the surface 
from about 0.5 m in a tank and ventilate without having to awaken. But 
floating to the top ol a 0.5 m tank is considerably different from swimming 
to the surface from 500 m. We arc left with trying to construct a control 
mechanism that signals to the seal when it will be necessary to breathe and 
get the animal to the surface while it is sleeping. Perhaps, however, 
elephant seals do not sleep while at sea, although this is unlikely given that 
they are pelagic for months at a time. 

There is one last area of metabolic alteration that is of importance, and 
this concerns the metabolic cost of diving or sleeping. In Weddell seals, it 
has been shown that diving is not very costly and only elevates metabolism 
by 1.5 to 2 times over resting (Kooyman et al. 1973). Wc have recently 
found thai for dive events and sleep apnea events of the same duration, 
diving only costs about 1.5 times the cost of sleep in Weddell seals (Castel- 
lini, Kooyman, and Fonganis 1992). If this is an energy demand that is 
typical of phocids, then we might be able to predict the metabolic cost of 
diving in elephant seals from the oxygen requirements of sleeping. For 
elephant seal pups, this would not be a difficult calculation, because there 
is a considerable amount ol data available on the oxygen consumption pat- 
terns of pups during both apnea and cupnea periods. For adult elephant 
seals, however, this would involve finding a way to measure the oxygen 
consumption rate of a large and intractable animal. However, measuring 
the oxygen consumption rate of a sleeping elephant seal on land is in- 
finitely easier than obtaining the same information on one that is diving 
at sea. 

CONCLUSION 

Are diving and sleep apnea similar? Based on the information available, it 
would appear that many of the same responses seen in diving scab occur in 
seals that are breath holding on land. Given that it is much easier to study 
sleeping seals on land than dhring seals, this approach could be worthwhile 
as a starting point for species that are simply too difiicttlt for study while at 
sea. However, the study of sleep apnea in and of itself is also interesting 
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and has implications for the study of sleq> apnea syndrome and sudden in- 
fant death syndrome (SIDS) in humans. Sleep apnea in seals is perfectly 
normal; it is not a disease or a syndrome and instead is part of a natural 
breathing pattern and is adaptive for a diving life-style. 

The goal here was to relate some of the physiolo^cai mechanisms in- 
volved in the phenomenon of breath holding during sleep to breath holding 
while diving. After years of work in this area, our conclusions are that the 
two events are extremely similar and that many of the same otmtrol proc- 
esses are involved. In the future, it is our hope that when seals are sleep- 
ing during a biological study, the scientists involved will not just casually 
note that the seal is resting but will instead look a little closer at an event 
that is like no other in the mammalian order. 
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Expenditure, Investment, and Acquisition 

of Energy in Southern Elephant Seals 

Michael A. Fedak, Tom A. Arnbom, B.J. McConnell, C. Chambers, 
Ian L. Boyd, J. Harwood, and T. S. McCann 



ABSTRACT. Informatioii on the expenditure and investment of energy in southern 
elei^iant seals, Mimmga /Mm, was collected durii^ breeding and nudt over four 
field seasons at South Georgia. Weight and body composition changes of modiera, 
pups, and breeding males were monitored during the breeding season. These 

changes were also measiired in advilt females, before and after the 70 d.»v period 
when animals fed at sea between breeding and molt. During this period, informa- 
tion on foraging movements and behavior was gathered vising purpose-buih 
satellite-relay data loggers. Body composition changes were measured using isotope 
diluticm teduuques. 

Breeding energetics information is discussed in relation to the evidenoe for dif> 
ferential investment in male and female pups. Large females produce larger pups, 
bo^ at birdi and weaning. Male pups are bom larger than female pups. However, 
there is no evidence that mothers invest more energy (either relative or absolute) in 
male pups after birth once female size and birth weight are taken into account. 

Foraging movements and diving behavior are discussed in terms of the oceano- 
graphy of the foraging area and possible constraints placed by prey consumption 
on the seals' dive behavior. We suggest that the long distance travel of females to 
distant feeding locations may be advantageous in providing for the requirements 
for reliaUe food sources in a long-lived, uniparous mammal. Dive characteristics 
changed during the different phases of activity in foraging animab in relation to the 
average daily velocity of the animal, water depth, and undersea topography. 

Southern elephant seak divide their year between land and sea. While on 
land, they breed and molt, expending energy and material that was stored 
in their bodies while foraging at sea over the remainder of the year. Some 
energy is invested in the production of yoiuig and some in new skin and 
hair, while the remainder is metabolized to support the animal during the 
fasts associated with these activities. Southern elephant scab separate these 
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periods of net energy loss, both geographically and temporally, from their 
foraging efforts. This presumably allows them acmie freedom in their choice 
of the location of their breeding and molting areas and can help to insulate 
them from local changes in the abundance of prey. The sharp distinction 
between periods of net energy gain and loss and the temporal separation of 
breeding and molt make it possible to study each of these phases of the lifie 
history separately. Because there is no feeding during either the breeding or 
molting periods and the animals are on land and accessible during these 
times, the behavior and energy expenditures of these activities can be 
Studied using relatively straightforward techniques. 

The same cannot be said of studies of the periods of energy gain while 
the animals are at sea. Because the southern elephant seals that breed on 
South Georgia have a very laige number of widely scattered breeding and 
molting sites from which to choose and because travel on the island (and to 
other islands) is difficult, recovery of time-depth recorders from animate is 
uncertain; this makes the use of telemetry advantageous. However, the 
scale and remoteness of the Southern Ocean make this difficult. The study 
of the dive behavior of the species therefore has lagged behind that of north- 
cm elephant seals (Af. angustirostris). However, a combined data logger/ 
Argos transmitter has been developed by the Sea Mammal Research Unit 
(SMRU) to gather detailed information about their movements and be- 
havior while at sea. These devices are now producing a flood of new in- 
formation on the southern species. 

Here, we bring together information collected as part of a joint program 
involving the SMRU, the British Antarctic Survey, and the University of 
Stockholm on (1) breeding energetics, (2) parental investment, and (3) 
energetics and behavior of molting and foraging in this sf>ecies. The in- 
formation was collected over four field seasons from 1986 to 1991 at Husvik, 
South Georgia. It presents work in the process of analysis and publication 
and is a preliminary attempt to synthesize the energetics of the life history 
of this species. 

Using a combination of techniques {serial weight changes and isotope 
dilution measurements of body composition), we provide information on 
the energy expenditure of female southern elephant seals during breeding 
and molt and relate this to their size, their energy stores, and the sex and 
growth of pups. VVe use this information to consider the evidence for dif- 
ferential parental investment in this species. VVe briefly consider the repro- 
ductive effort of harcni males and compare this with that of females. We 
then present information on foraging behavior of females and their weight 
gain during the period at sea between breeding and molt using serial weight 
changes and position and dive depth/velocity information provided by the 
satellite-relayed data logger. 



Copyrighted malBrial 



356 



PHYSIOLOGICAL ECOLOGY 



EXPENDITURE AND INVESTMENT WHILE ASHORE 

Overview of Rgproductut Sioson and Annual Cycle 
Southern elephant seals have a circumpolar distribution in the Southern 
Ocean. They breed during October and November on a smadl number of 
subantarctic islands and mainland sites in South America (Ling and 
Bryden 1981; Laws 1984). Approximately half of the world population 
breeds at South Georgia (54*'S, 35°W) (McCann and Rothery 1988). 
Female southern elephant seals may begin to breed at 3 years of age, but 
the majority do not come ashore to breed until age 4 or 3 (Laws 1960; 
McCann 1980, 1981). Pregnant female southern elephant seals begin to ar- 
rive on beaches on South Georgia in mid-Scptcmbcr, after some males have 
made an appearance. New females continue to appear until early Novem- 
ber. They give birth about one week after arrival and nurse their pups for 
18 to 23 days. Mating occurs after an a\ crago of about 22 days. Pups are 
weaned when females leave the beach but then remain ashore for 3 to 6 
weeks. .After breeding, females spend around 70 days at sea, then come 
ashore again for approximately one month to molt (Laws 1956). Males 
spend more time ashore while breeding and molt about one month later 
than females. 

An Important Proviso 

Breeding female elephant seals vary greatly in si/c: the largest females may 
weigh three times more than the smallest. We have tried to include in the 
study significant numbers of the smallest and largest anunals on the 
beaches. Very large and small animals are probably somewhat overrepre- 
sented in the sample, and, therefore, the distributions about the means for 
some of the variables of interest are probably not representative of the 
population norms. Rather, the sample emphasizes the potential range of 
values the variables can take and the relationships possible over the size 
range of females in the population. 

Growth of Pups 

Table 20.1 summarizes information on weight changes for a sample of 
females and pups taken in 1986 and 1968 at Husvik, South Georgia. Pups 
are bom weighing an average of 43 kg; males average 6 kg heavier than 
females (McCann, Fedak, and Harwood 1989). Overall, birth weight b 
positively correlated with the maternal weight, although this correlation is 
significant in female pups but not in males when the sexes are treated 
separately. Growth during lactation follows a roughly sigmoid trsyectory 
(fig. 20.1). It may begin during the first day after birth, but in some pups, 
it may be negligible or even n^ative for the first 1 to 10 days. A period of 
constant growth rate follows this postpartum lag. This is in turn followed in 
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many cases by a decreasing rate just prior to weaning. Size at weaning is 
not highly correlated with weight at birth, and the size advantage held by 
males at birth is often lost by the time of weaning. Average weight at vrean- 
ing of male and female pups is not significandy different if the size of their 
mothers and the size of pups at birth arc taken into account. This results 
firom the fact that larger females produce larger pups and that the average 
weight of mothers of male pups was significantly larger than that of female 
pups, primarily because few small females in the sample had male pups 
(see discussion below). 

Weight Loss of Females 
The rate at which females lose weight during lactation depends, in part, on 
their size; large females lose weight more rapidly than small ones (fig. 
20.2a), but they also tend to produce larger pups (fig. 20.2b). Overall, 
there is no clear difference in the growth of male and female pups (table 
20. 1 ) or the weight loss of their mothers when one accounts for di£ferenoes 
in the size of the mothers and the birth weight of their pups. However, 
some small females that produced male pups lose more weight than might 
be expected, and their male pups seem to grow somewhat faster than aver- 
age for pups of females of this size (fig. 20.2b). However, there arc few 
small females with male pups in the sample (in spite of the effort to sample 
small females), and this trend would require much larger sample sizes to 
establish. 

Changes in Body Composition 
After weaning their pups, some females leave the beach looking extremely 
thin, while others (often the largest) look quite fat. This suggested to us 
that in spite of the iact that larger females produce larger pups at both birth 
and weaning, there might still be a differential investment with respect to 
the size or age of the mother. There might be large differences in resources 
available in small and large females, and ahhough larger females tend to 
produce larger pups, the amount invested relative to the amount available 
(relative invcslmeiu) might vary as a function ol size. To measure this in- 
vcslinciU ill ic'irns of energy and materials and to compare if to the re- 
sources that mothers of different sizes had available, the body compositions 
of 45 females were measured at the beginning and end ol lactation during 
1986 and 1988 (Fcdak ct al. 1989} using isotope dilution techniques (Reiily 
and Fedak 1990). 

Table 20.2 gives the average use of energy, fat. and protein for the nurs- 
ing females in the sample, subject to the proviso noted above. On average, 
approximately 40% of the energy, 47% of the fat, and 17% of the protein 
in the body is utilized in producing a pup. However, these amounts vary 
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Fig. 20.2. (A) The reladonship between initial female mass and daily wetg^t loss 
split by male (arrows) and female (drdes) pups. Large females lose weight more 
rapidly than small females; some small mothers of male pups lose weight rapidly. 
(B) The relationship between initial female mass and male (arrows) and female (cir- 
cles) pup mass at weaning. Large females produced larger pups. The relation is 
significant (p < .01) for female pups but not for males when sexes arc considered sep- 
arately. Sec hg. 20.3 for explanation of symbol sizes. 
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TABLE 20.2 Utilization of enei^, fat, and protein in females nursing male 

and female pups (see proviso in text). 







Mean total used 


MeoH percentage used 




N 


±SD 


±SD 


Energy (N\J) 


27 


3222 ±161 


40 ± 2.2 


Males 








Females 


15 


3242 ±212 


40 ±2.1 


Fat (kg) 


27 


72 ±4 


47 ±3 


Males 


12 


72±6 


46±15 


Females 


15 


72±5 


47±12 


Ptotdn (kg) 


27 


15±1 


17±1 


Males 


12 


14±2 


17±1 


Females 


15 


15±1 


18±1 


Energy density of weight 


27 


23.1 ±0.6 




loss (MJ/kg) 









widely among individual females (fig. 20.3). Some very large females used 
as little as 30% or less of the total energy or fat available. In contrast, some 
of the smallest females that produced laige pups used almost 60% of the 
total energy in their bodies and up to almost 70% of the fat. Some of the 
smallest females used litde of their reserves, but these were mothers who 
produced pups in the lowest quartile of weaning weight. 

One way of viewing this distribution of data is to consider females in 
Older of decreasing size. The largest females can produce even the largest 
pups with small relative investment; indeed, in theory, some have sufficient 
reserves to produce two. Some midsize females can produce large pups with 
no more than average relative investment. But small females face a prob- 
lem: if they produce pups of average size or greater, they will use a very 
large fraction of their reserves, possibly with deleterious effects on their sub- 
sequent reproduction or survival (Huber 1987; Reiter and Le Boeuf 1991). 
If they produce small pups, these pups may have a reduced probabiHty of 

survival to adulthood. The best option for small females might be to abort 
their pup as early in gestation as possible if their own size at parturition 
will fall below that necessary to produce a viable pup. 

Thus, wc could view the distribution of investments in figure 20.3 as 
reflecting a solution to this dilemma. As female size decreases, relative in- 
vestment increases up to a point; at weights below the median of female 
size, females produce cither normal pups at very high relative investment or 
very small pups, well below median size. Indeed, the small number of small 
females with pups of any size in the sample may well suggest that many 
small females either do not become pregnant or abort before term. 
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Fig. 20.3. The relationship between initial iemale maas and the percenta^ of en- 
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tile of \\ < -ailing weight, and so forth. Note the marked variation in relative invest- 
ment with changes in female size. 



Energelics of Reproduction in Males 
The information presented below on weigjht ehangcs of males is an interim 
and incomplete presenlaiion of our data. We include it here to complement 
the data on northern elephant seal bulls (Dcutsch ct al., this volume). 

Male elephant seals on South Georgia may become sexually mature at 5 
to 6 years of age, although most harem bulls are probably 9 to 12 years old 
(McCann 1981). As is true among females, a very wide size range of ani- 
mals is present on the breeding beaches. Bulls occupying positions within 
harems typically weigh 1,500 to 3,000 kg, and weights up to 3,700 kg have 
been reported (Ling and Bryden 1981). Bulls peripheral to harems may 
weigh as little as 1,000 kg. The duration of the bulls* stay in and around 
harems Is also very variable. In our sample, the longest stay was 73 days; 
the average was 58 days. Males lost weight at 12 to 15 kg per day while 
ashore, although one male lost weight at a prodigious 20 kg/day. Typical 
males lose around 700 kg during their breeding fast, and some lose up to 
1,000 kg. 

When compared to lactating females, the rate of weight loss and total 
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weight loss are much greater and more variable. Females lose around 8 kg/ 
day for 23 days or about 180 kg. Much of this loss is material, largely fat 
and protein, transferred to their pup. Male losses are largely metabolic, 
probably mostly fat consumed to provide energy for breeding activity. 
While males are 2 to 8 or more times the size of breeding females, their 
total losses are only about 4 times as great, even though they may spend 
double the time breeding and £isting. 

These rates of weight loss are larger than similar estimates for northern 
elephant seal bulls (Deutsch et al., this volume). This is not unexpected, 
since southern elephant seal bulls are somewhat larger. The spatial orga- 
nization of harems on South Georgia is also quite different from that on 
most northern elephant seal beaches. Harems on South Georgia tend to be 
linearly arrayed along the shoreline and are often separated by unoccupied 
beach or rocky headlands. This distribution may require a swim if males 
fiom one harem are to visit another. Th<^ number of interactions between 
animab could therefore be quite different when compared to northern 
elephant seals among which harems often spread back from the beach and 
are more crowded. This might well influence the energy used during 
breeding. 

Behavior and Energetics of the Molt in Females 
Less is known about the behavior of animals during the annual molt or the 
energetic and material requirements of this phase of the life cycle of south- 
em elephant seals. However, we have begun work to find out how much 
energy animals use during the molt and how much energy they gain while 
at sea between breeding and molt (Boyd, Arnbom, and Fcdak, 1993). Dur- 
ing the brcrdinir season of 19^)0 1991 at Husvik, we captured 20 females 
late in lactation, weighed ihem, determined body composition botopically, 
and marked or radio lagged them. Some were recaptured when they made 
landfall at the start of" the molt and again 2 to 4 weeks into the molt and the 
procedures repeated. During the molting period, individual animals were 
located everv few days until they left the Stromness Bay area. Reports of 
this study arc now in press (ibid.), and we can now make some staiemenls 
about the behavior and vvciglit changes during thr moh and af)out the 
weight gains while the animals arc at sea between breeding and molt. 

Adult females begin to arrive in significant numbers at molting sites 
around Husvik in mid-January (Laws 1960). Roughly one-third of the 
females tagged at breeding returned to the Stromness Bay area to molt. 
One female molted in another bay 10 km away in an area inaccessible to 
us, but we could monitor her presence via a VHF radio. At least two of the 
radio- tatrged seals are known to have molted away from South Georgia on 
islands near the Antarctic Peninsula. 

Several phases seem to occur during the molt in terms of both the mor- 
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phological changes (Worthy et ai. 1992) and, from our observations, the be- 
havior of the animals. When radio-tagged animals first come ashore, they 
may make landfall at one site and then reenter the water and move to other 
sites, sometimes many kilometers away. They are often quite mobile for 
several days before settling down in a "wallow" or other place not im- 
mediately adjacent to the water's edge. Once in such a spot, they often re- 
main there for 7 to 14 days while their old hair and skin loosens and falls 
away. Once this stage is complete and new hair begins to be detectable by 
touch, they often move out of the wallow to areas where their skin remains 
relatively clean and dry. During this period, hair growth continues and 
animals lose the velvet feel and appearance they have when leaving the wal- 
lows. They often move close to shore during this time and, on warm days, 
enter the water occasionally. Once at the shore, they may later move along 
it to more exposed locations on points and rocky headlands. Some animals 
were found along the shore for many weeks after leaving wallows and after 
hair seemed completely regrown. These changes in behavior may be related 
to underlying thermoregulatorv' or mechanical needs associated with shed- 
ding and rcgrowih of hair and skin. 

During this period, animals lost 4 to 5 kg/day, a rate slightly greater 
than that of northern elephant seals (Worthy et al. 1992), but the animals 
in that study were somewhat smaller. This loss is roughly half that during 
lactation. If animals remain ashore for 30 days, the total loss may approach 
two-thirds to three-fourths of the lactational loss. The chemical composition 
or the weight lost is slightly different from that lost during lactation, with 
39% of the loss being fat and 16% protein (Boyd, Arnbom, and Fedak 
1993) compared with 47% fat and 17% protein during lactation. Thus, 
each year, females invest half as much energy in their skin as they do in 
their ofispring. It seems &ir to say that elephant seals look after their own 
skin. 

ACQUISITION OF EN£RGY: MOVEMENTS AND BEHAVIOR 

AT SEA 

Little is known about where southern elephant seals go after leaving breed- 
ing and molting beaches. But as this and other chapters in this volume 
demonstrate, we are starting to acquire information on foraging movements 
and diving behavior to complement the serial data on individuals gathered 
before and after they go to sea. Gathering such serial data b difiicult at 
South Geoigia because animals may breed and molt on widely separated is- 
lands and because of the large nimiber of inaccessible breeding and molting 
sites available to animals that do return over several years. 

Animals that bred and returned to the Husvik area to molt tended to ar- 
rive for the molt in the same order in which they left the beach after breed- 
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Fig. 20.4. The tracks of three postbreeding females obtained from Argos-compatible 
transmitter packages. The cross-hatched area is the continental shelf. Locations 
with a Location Quality Index (LQI)=0 are shown as a cross and those with 
LQI > 0 as a circle. All three seals swam southwest from South Georgia to areas of 
the continental shelf. 



ing. Their periods at sea ranged from 66 to 75 (mean = 72) days, during 
which time they gained 70 to 153 kg (mean = 107 kg, n = 8). Daily weight 
gains ranged from 1.1 to 2.3 (mean = 1.5) kg while at sea. Foraging success 
seems to vary significantly from individual to individual, even though the 
size range of animals recaptured was small (breeding beach departure 
weights of 340-457 kg). There was no relationship between size on leaving 
the beach and weight gain while at sea. The sample is, however, very small. 

Four postbreeding female southern elephant seals at South Georgia were 
fitted with Argos compatible transmitter packages (Argos 1989) in Novem- 
ber 1990 (McConnell, Chambers, and Fedak 1992). One failed when bitten 
by a copulating male. The movements of the remaining three animals are 
shown in figure 20.4. All traveled southwest to sites on the Antarctic con- 
tinental shelf. 

Seal 1 provided detailed information over 70 days. Its track was divided 
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Fig. 20.5. Typical dive depth profiles over 24 hours fix>m seal 1 while (A) in phase I 
and (B) in phase 3. Four depth values were transmitted for each dive at intervals of 
one>fifUi of the duration ci the dive. The maximum depth of each dive was also 
transmitted and is shown as a dotted Hne in the figure. Preceding surface intervab 

are represented b\ a horizontal hne at zero depth. Breaks in the continuous plot in- 
dicate missing data, due primarily to diurnal variation in sateUite visibiHty. NotC the 
variability of dive depth and duration in phase 1 compared with phase 3. 



into three phases based on location and movement. Durint^ phase 1 (23 
days), it swam 1,845 km (average daily velocity [ADV] across the sea sur- 
face 0.93 m/sec.) to Livingston Island. In phase 2(17 days), it hauled out 
at Livingston Island for 18 hours and then swam a further 805 km (ADV 
.55 m/sec.) to the southwest, following the continental shelf margin of the 
Antarctic Peninsula to a location 110 km west of Adelaide Island where 
water depth was 300 to 400 m. During this phase, it spent several periods 
of up to 12 hours at the surface. During phase 3 (29 days), it remained 
within 20 km of this location. 

Seal 2 swam 1,420 km in 16 days (ADV 1.02 m/sec.) to Elephant Island 
where it hauled out. The transmitter failed one day later. It was captured, 
reweighed, and the transmitter removed at a molting site at South Georgia 
on February 8, 1991. Seal 3 swam 1,435 km in 16 days (ADV 1.03 m/sec.) 
to the continental shelf 1 10 km southeast of Elephant Island. It remained 
within a 60-km radius of this area for the next 4 days, after which the trans- 
mitter failed. It was sighted on January 19, 1991, at a molting site on King 
George Island. 

Figure 20.5 provides a detailed view of dive profiles from seal 1 on two 
days typical of phases 1 and 3. Such dive-by-dive data were available from 
65% of the animal's track: 6-hour dive summaries covered the entire 
period. We suggest that most of phase 1 was spent in transit to feeding 
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grounds, although the variability of maximum depths and dive durations 
suggests that there was some opportunistic feedii^. Dives made during 
phase 3, when the animal remained in the small area off Adelaide Island, 
were shallower and less variable (fig. 20.6a) than during phases 1 and 2. 
The seal tended to swim direcdy to the bottom and remain there, some- 
times swimming slowly, until it returned to the surface (fig. 20.fid). These 
dives involved less swinmiing acdvity than those in phases 1 and 2 (fig. 
20. 6e), yet they tended to be shorter (fig. 20.6b) with a smaller proportion 
of time spent underwater (fig. 20.6c). Between days 63 and 65, the seal 
moved 8 km north, 40 km west and then returned to its starting location. 
Over these 3 days, all dive parameters (fig. 20.6a-e) shifted to values simi- 
lar to those in phase 1 . 

Seal 2 gained 141 kg over 78 days (equivalent to 1.8 kg/day) between 
breeding and molt. By analogy with female northern elephant seals whose 
weight gain is similar (Le Boeuf et al. 1989; Sakamoto et al. 1989), we esti- 
mate that South Greorgia seals require 9 to 20 kg of prey per day; that b, 
630 to 1,400 kg over the approximately 70-day interval between breeding 
and molt. 

Our interpretation of the acti\ ity of seal 1 in phase 3 is of targeted 
benthic or demersal A cding. This is consistent with data from stomach 
samples taken on land in which cephalopods predominate. These cephalo- 
jx)ds include species of demersal squid and benthic octopods (Rodhouse et 
al. 1992; Murphy 1914; Laws 1960; Clarke and MacLeod 1982). However, 
if, as we have demonstrated, feeding areas are far from breeding sites, these 
stomach samples may underrepresent the consumption of fish whose re- 
mains are retained in the stomach for shorter periods. Samples from seals 
hauled out on sites near foraging areas could help to assess this bias. 

Dives in phase 3 were shorter by a factor of 1 .5 than in phase 1, and thus 
more time was spent traveling to and from the surface than would be the 
case for longer dives to the same depth. The proportion of time spent 
underwater in these dives was 6% (81% vs. 87%) less on average than 
those in the first two phases. The following argument suggests that the seal 
was not merely resting during these dives. These animals spend 80 to 90% 
of their time underwater and might be better referred to as "surfaccrs" 
rather than "divers." If these were rest dives, there would seem to be little 
reason why they should be more frequently interrupted by traveling to and 
from the surface to breathe given that oxygen stores should last longer at 
rest. 

But if these were feeding dives, why should they be shorter? Extended 
periods at the surface were rare during phase 3, implying that the processes 
of digestion and assimilation were combined with diving activity on a 
steady state basis and not delayed to breaks in diving activity. Assimilation 
of food is known to increase basal metabolic rate up to 1.7 times in another 
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Fig. 20.6. Dive parameters from seal 1 over the 70-day tracking period. Vertical 
lines demarcate the three phases described in the text. Mean and standard error 
values, for each phase, are shown for each parameter. The parameters refer either to 
individual dives, to individual dives averaged over a day, or to 6-hour summary 
periods. Note that during days 63 to 65 there was a temporary change in all dive 
parameters. 
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phocid, the harp seal, Phoca groenlandica (Gallivan and Ronald 1981). We 
therefore suggest that the seal's aerobic dive limit was reduced during this 
phase, even though swimming activity was also reduced (fig. 20.6e), be- 
cause the specific dynamic eflfect (SD£) (Kiciber 1961) of food assimilation 
increased the rate at which O2 stores were used. 

An additional component of this metabolic increase could also be the 
eneigy cost of warming the prey from sea temperature to body temperature, 
some 37°. The amount of heat this would require depends on the specific 
heat of the prey. If this is assumed to be equivalent to that of water (i.e., 
4.19 J/g (and this assumption maximizes the likely effect since all prey will 
have specific heats less than this), then warming 20 kg of prey would 
account for the equivalent of about 10% of the standard metabolic rate <^a 
500-kg animal. However, this is not to say that warming food would require 
an increase in metabolic rate. This would depend on whether or not the 
animal was at or below the fower limit of its operational thermoneutral 
zone under the conditions prevailing while foraging. If it was not, it could 
decrease its heat loss via other avenues to the extent necessary to make up 
for the additional loss to the food. Given that SD£ will cause a much larger 
increase in metabolism than 10%, the requirement for heating food in the 
stomach may not be important. 



< — 

(A) The maximum depth attained in each dive. Depth values are accurate to within 
SmatlOOm, toSOmat 1,600 m. The maximum depth of approximately 910 m 
was obtained during phase 1. The variability of maximum depths declined 
narimUy through phases 1 to 3 (SD = 171.2, 105.9, and 45.2). The constant upper 
limit of depth in phase 3 Gorresponds to the depth of the seabed as determined 
from Admiralty Charts. 

(B) The duration of each dive. Dive durations were shorter in phase 3 than in 

phase 1 and less variable (SD = 2.5 and 5.4). 

(C) The percentage of time within each 6-hour .summary period that the .seal spent 
underwater. This was least in phase 2, due primarily to extended periods on the sur- 

fiice. The time spent underwater in phase 3, when we suggest the seal was feeding, 
was less than during the transit in phase 1. 

(D) Index of dive depth profile squareness of each dive. Four depth readings at in- 
tervals of one-fifth of the dive duration were transmitted in addidon to the max- 
imum depth attained. The average of these four values arc expressed as a percent- 
age of maximum depth. Dives were more flat bottomed in phase 3 than in phase 1. 

(E) Daily averages of mid-dive swimming activity for each dive \ velocity turbine 
provided an index of swimming activity over fu e equally spaced intervals within 
each dive. The average of the middle three values is shown here to exclude descent 
and ascent activity. Mid-dive activity was less m phase 3 than in phase 1. 
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INTERACTIONS BETWEEN ACQUISITION AND EXPENDITURE: 
LINKING DATA FROM LAND AND SEA 

Implications of Weight Change for Diving 
Consideradon of the huge weight losses of males (and, indeed, females as 
well) raises the question of how seals maintain effective control of buoyancy 
during diving throughout the annual cycle. Taking an extreme case, if a 
3,000-kg male loses 1 ,000 kg while ashore and if most of the weight loss is 
lipid, then a thin animal would be much less buoyant than the same animal 
just prior to arrival on the breeding beach. Given that lipid is only .9 times 
the density of water (note that it is the density of the lipids used rather than 
blubber density that is important here), if the animal was neutrally buoyant 
on arrival, it could leave the beach 100 kg negatively buoyant, which 
amounts to a force equivalent to 3 to 5% of the weight of the animal. 

C'lcarly, this is an extreme example, and the actual cifcct could be re- 
duced, both because materials other than lipid arc lost during the fast and 
because animals may come ashore positively buoyant and leave negatively 
buoyant, halving the imbalance. The imbalance could nonetheless amount 
to many kilograms upward or downw ard. While the imbalance in buoyancy 
would be much less in smaller animals, even small imbalances could be sit^- 
nificant. Most human divers will be aware of the dramatic effect e\ (Mi small 
imbalances in buoyancy can have on maintaining their position in the wa- 
ter column and on the time they can remain .su})merged on a tank of air. 
This proportion of buoyancy change would amount to 4 kg extra of lead on 
a 70-kg human diver's weight belt, which would make for very hard work 
while operating free in midwatcr. 

While an imbalance might have less energetic consequence during ascent 
and descent (losses in the energy required to swim up being partially repaid 
on the way down, or vice versa), it would have profound e^ts on the dDfoit 
required to remain at a working depth in midwater or to remain on the bot- 
tom while buoyancy is positive. How might the animals compensate for the 
change in buoyancy? Changing the amount of gas taken do%vn from the sur- 
&ce in the respiratory system would have little or no effect at the depths 
used by these species. While rocks and gravel are often found in the stom- 
achs of elephant seals, it is hard to imagine enough being taken on board to 
compensate, and these might not be available in midooean. Gould the 
physical properties (density and its relation to pressure and temperature) of 
fat stores of these seals be such that changes in the amount stored would 
not adversely affect buoyancy? Do animals change diving behavior, for ex- 
ample, switching fix>m benthic to midwater foraging, as weight is regained 
to mitigate or take advantage of the effects of buoyancy changes? The ques- 
tions remain open. 
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Foraging in Relation to Oceanography 
The animals we tracked traveled more than 85 km each day for 16 to 23 
days in a directed way to areas of the continental shelf. The use of distant 
foraging areas (associated with the Antarctic Polar Front, continental shelf 
margin, or ice edge) has also been inferred from water temperature data 
for elephant seals breeding on Macquarie Island (54°S, 157^£) (Hindell, 
Burton, and Slip 1991). Why do thc\ adopt this strategy? 

Elephant seal females are long-hved animals that invest large amounts of 
resources in a single pup each year over many years. They must, therefore, 
locate food reliably each year for many years in succession. Movement 
away iirom South Georgia may be explained by the fact that the local shelf 
area contains insufficient prey items to sustain the local elephant seal 
breeding population (McCann 1985). There may be an advantage, there- 
fore, in adopting strategies that minimize the risk of yearly failure at the ex- 
pense of the energetic costs of long-distance transits. The narrow Antarctic 
continental shelf, ice edges, and the Antarctic Polar Front are highly pro- 
ductive and attract many top predators (Ainley and De Master 1990) and 
fisheries (Itdui 1990). This contrasts with the open reaches of the Antarctic 
Ocean where concentrations of prey are both spatially and temporally vari- 
able and may be associated with unpredictable hydr<^raphic conditions (El- 
Saycd 1988). If an animal has the energ\' storage capability (as elephant 
seals, with their prodigious potential for blubber accumulation, do), the 
benefit of using distant foraging areas where food is reliably associated 
with readily relocatable oceanographic features, such as the continental 
shelf and the Antarctic Polar Front, may outweigh the costs of transport 
to these areas. That is. a long swim on an empty stomach may, in the long 
term, be more productive than pelagic meandering. 

Variability in Siz^' and Success 
Yet, in spite of these capabilities, some animals gain more weight than 
others while at sea. And energy stores and the size ai age ot both males and 
females seem likely to be important to reproductive success. What factors of 
an animal's movements, experience, and foraging techniques are important 
in determining how successful ii is? 

Of panic ular importance is information on all aspects of the variability 
of foraging parameters; how they vary year to year in the same animal and 
change with age, sex, and size between animals. How do the patterns 
observed develop in naive animals when they first go to sea, and how does 
the variability of such early experience affect later development? No less im- 
portant are the effects of the choice of breeding and molting sites in relation 
to near and distant oceanography. 

Though the information to answer such questions is not available for 
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southern elephant seals, the techniques to do so are at hand. What is 
needed is their continued application and particularly their effective com- 
bination in land- and sea-based studies. These techniques will make new 
demands on the resolution, the accuracy, and, crucially, the availability 
of oceanographic data. 
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Hormones and Fuel Regulation in 

Fasting Elephant Seals 

Vickj Lee Kir by and C. Leu Oiliz 



ABSTRACT. Tliis chapter summarizes current knowledge about fitting (rfiyaiology in 
the northern elephsmt seal, Mirmaga anffuHnstris. Changes in metabolic fiid dis- 
tribution and plasma hormone levels as well as changes in insulin secretion and 
peripheral tissue sensitivity to plasma insulin are addressed. Pups at weaning and 
during an eight-week postweaning fast were hyperglycemic, hyperlipiH» nnr, hypo- 
insulincmic with impaired glucose tolerance, and relatively insulin insensitive. 
Fasting northern elephant seal weanlings did not closely regulate their blood glucose. 

It is suggested that the suckling elephant seal pup is preadapted to the pK>stwean- 
ing fasting period because of the lack of carbc^ydrate in the nulk, its high fat con- 
tent (85-95% of the calories), and the large increase in body fiu (up to 50% of the 
mass at weaning). All of these contribute to impaired insulin secretion and action in 
other mammals. Blood glucose could only be maintained by hepatic gluconeogenesis 
because of the lack of dietary carbohydrate in this species at all stages of its life his- 
tory. Adaptations to a low carbohydrate, high fat diet are similar to those necessary 
tor adaptation to fasting. Low plasma insulin and relative tissue insensitivity to in- 
sulin are normal adaptations to low carbohydrate diets and fasting and would not 
be cUnically abnormal for carnivores. 

The northern elephant seal, M. angusHmtrisy provides the physiologist %vith 
a model for studying the basic phy siological, biochemical, and anatomical 
mechanisms underlying the ability to undergo natural extended periods of 
complete food and water abstinence in large nonhibemating mammak. 
With the exception of nursing pups, mdividuals of all ages and both sexes 
&st entirely during the terrestrial phase of their life cydc, notably, the re- 
productive and molting phases. This rigorous life-style begins cariy in life 
when pups of the year are weaned abruptly at one month of age (Le Boeuf, 
Whiting, and Gantt 1972; Rdter, Stinson, and Le Boeuf 1978). During this 
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period, young animals not only cope with the rigors of zero nutritional and 
water input but do so while continuing normal neonatal development. This 
entails substantial intertissue reorganization of protein, minerals, and other 
cellular components. 

Over the past several years, we have investigated aspects of the physiol- 
ogy of spontaneous fasting in these young weanlings with two basic objec- 
tives. First, we wanted to understand the physiology of integrated bio- 
chemical processes underlying these prolonged fasts. Second, we wanted to 
determine the control mechanisms that simultaneously integrate cataboUc 
processes involved in meeting energy needs with the anabolic processes re- 
quired for protein recruitment and synthesis during development. 

Our initial studies focused on the major regulatory hormones, insulin 
and glucagon, in fasting weanlings (Kirby and Ortiz 1989; Kirby 1990). In 
this chapter, we summarize our current understanding of fasting physiology 
during the postweaning fast, including a discussion of (1) fuel depots and 
fuel turnover studies; (2) plasma metabolite and hormone levels during the 
postweaning £ut; and (3) changes in pancreatic and peripheral tissue re- 
sponsiveness to glucose and insulin tolerance tests. 

FUEL DEPOTS: STORAGE AND UTILIZATION 

Northern elephant seals undergo dramatic changes in body composition 
during their first year of life. Unlike terrestrial mammals, the accumulation 
of adipose tissue occurs early in the neonatal period (Brydcn 1968). 
Throughout the nursing period, pups gain on average 2 kg of adipose and 
1 kg of lean tissue daily, and at weaning, the fat mass averages 48% in 
healthy pups (Ortiz, Costa, and Le Boeuf 1978). The fat mass gained 
during nursing is important for survival during the postweaning fast, as evi- 
denced by the correlation between duration of the postweaning fast and the 
relative level of body fat at weaning (Kirby 1992). 

In fasting animals, changes in body mass compartments can be used to 
calculate how much lean and adipose tissue contribute to metabolism. 
Newly weaned pups lose 1 to 2 kg of tissue/day in the first 2 weeks of fast- 
ing as compared to .65 kg/day during the rest of the 8- to 10-week fast 
(Krctzmann 1990; Rea 1990). This progressive sparint^ of tissue reserves is 
accomplished by a reduction of resting metabolic rate durinu; the postwean- 
ing fast (Rca 1990). Although fasting seals catabolix.c both lean and adipose 
tissue at an equivalent rate, these tissues do not have ecjual energy content. 
Hydrated protcinaceous tissue has a lower energy' content than an equiva- 
lent weight f)f adipose tissue. Thus, the size of the fat depot is important be- 
cause energy mobilized from adipose tissue has to supply more than 85% of 
the total energy needs of the pup. 
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Nonnally, fuel stores important in carbohydrate metabolism are muscle 
and hepatic glycogen, amino acid stores in lean tissue, and triglycerides in 
adipose tissue. Although glycogen levels have not been measured specifical- 
ly in elephant seal tissues, it has been shown in other species of pinnipeds 
that glycogen is not an important energy store. Therefore, glucose must be 
made from noncarbohydrate precursors, such as the glycerol moiety derived 
by triacylglycerol oxidation and the glucogenic amino acids derived from 
lean tissue. However, the relative contributions of lean and fat tissue to glu- 
cose formation cannot be determined from just monitoring changes in fuel 
depot size. 

FUEL TURNOVER STUDIES 

The relative contributions of lean and fat tissue to total energy needs and to 
glucose formation have been examined by isotope-labeled fuel metabolite 
studies in fasting weanlings. Fatty acid oxidation studies confirmed that 
lipid is the main energy source and suggested that sufficient glycerol was 
liberated by lijx)lysis to meet all glucose precursor needs (Castellini, Costa, 
and Huntley 1987). In fact, the direct contribution of glucose to the total 
metabolic rate was shown to be less than 1% in seals fasting longer than 
one month (Keith and Ortiz 1989). Although glucose turnover rates were 
within mammalian norms, most of the glucose carbon appeared to be re- 
cycled, possibly by futile cycling, and was not oxidized. This has also 
been observed in harbor seals (Davis 1983) and grey seals (Nordoy and 
Blix 1991). 

Similar results from urea, albumin, and leucine turnover studies in fast- 
ing pups confirmed that protein oxidation contributed to less than 3% of 
total energy needs (Ortiz 1990; Pernia 1984; Pernia, Hill, and Ortiz 1980). 
Since it appears that protein and glucose oxidation, together, provide less 
than 10% of total energy needs, the physiological role of active turnover of 
these substrates remains unclear. It is possible that recycling protein and 
glucose carbon may serve as an important carbon shuttle mechanism, for 
example, glucose synthesis or synthesis of nonessential amino acids or other 
cellular components. 

PLASMA METABOLITE LEVELS 

Plasma levels of metabolites from carbohydrate, protein, and lipid metabol- 
ism are common parameters in characterizing in vivo fuel homeostasis. 
These metabolites usually include glucose, blood urea nitrogen (BUN), 
creatinine, nonesterificd fatty adds (NEFA), and j8-hydroxybutryate 
(BOHB). 

Early studies reported that elephant seal pups may be hyperglycemic 
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Fig. 21.1. Plasma levels (mean±SD) of glucose (cross-hatched bars), blood urea 
nitrogen (solid bars), and nonesterified fatty acids (open bars) in eight elephant 
seal pups before fasting (at weaning), after 28 days of fasting, and after 56 days of 
fasting. 

because plasma glucose levels were rarely seen below 6 mM, which is 
substantially higher than predicted by body size (Ummingcr 1975; Costa 
and Ortiz 1982). Plasma levels of glucose as high as 200 mg/dL have been 
reported for other species of pinnipeds (Englehardt and Ferguson 1980; 
Hochachka et al. 1979; Worthy and Lavignc 1982). Subsequent studies 
(Kirby 1990) confirmed that plasma glucose levels remain elevated above 
6.5 mM throughout the postweaning fast, although there was a small but 
steady decrease in plasma glucose from 8 mM at the start of the fast to 
7 mM by the end of the fast (fig. 21.1). 

Plasma BUN levels arc an indirect measure of protein oxidation and 
demonstrate predictable changes associated with fasting. They were highest 
at weaning (33 mg/dL) and decreased significantly over the fasting period 
to 15 mg/dL, as shown in figure 21.1 (Adams 1991; Kirby 1992; Costa and 
Ortiz 1982). Another index of lean tissue catabolism is creatinine (C), 
which is released into plasma when muscle tissue is catabolized. The de- 
crease in the BUN:C ratio from 37 to 16 by the end of the fast was consis- 
tent with protein sparing adaptations. 
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Conversely, plasma levels of NEFA progressively increased from 
< 1.0 mM at the beginning of the last (at weaning) to ^2.6 mM after 
8 weeks of fasting (fig. 21.1; Kirby 1992). The ketone body BOHB, a by- 
product of &t oxidation, also increased slowly during the fast (Gastellini and 
Costa 1990). After 8 weeks of fasting, there was a sharp decrease in BOHB, 
and the seals departed within 10 days. This suggests that the seals termi- 
nated their land-based fast because adipose reserves had become too 
low to support ketogenesis and still provide enough insulation to aid 
thermoregulation while feeding at sea. 

All of these changes in plasma fuel levels were consistent with the gen- 
eral animal fasting model (Felig et al. 1969; Cahill 1970) in which there is a 
metabolic shift from protein oxidation to lipid oxidation early in the fasting 
period. Similar adaptations have been nhscrvcd in other animals in which a 
spontaneous 'fast is part of their life cycle, for example, the king penguin, 
ApUnodjftes ffotaganka (Cherel, Stahl, and Le Maho 1987). 

PLASMA HORMONE LEVELS 

The shift to a lipid-based metabolism occurs in conjunction with specific 
changes in insulin and glucagon levels (Cahill et al. 1966; Felig et al. 1979). 

A decrease in insulin secretion is vital for fuel homeostasis during fasting 
because insulin normally inhibits lipolysis. In fasting elephant seals, mean 
plasma insulin levels decreased throughout the fast from 1 1 ± 4 /itU/ml at 
weaning, to 9±3 /lU/ml after 4 weeks of fasting and 8±2 /LtU/ml after 
8 weeks. Low plasma insulin levels (5-15 /xU/ml) were also observed in 
lactating and molting adult females, moiling yearlings, and weanlings 
captured just after their return from feeding at sea (Kirby 1990; Kirby and 
Ortiz 1990). Similar low levels have also been reported for feeding harbor 
seals (Robin et al. 1981) and Weddell seals (Hochachka et al. 1979). 

Glucagon levels were highly variable, especially in nursing pups. Differ- 
ent glucagon antibodies in the glucagon radioimmunoassay suggested the 
possibility that nonpancreatic glucagon cross-reacted with the antibody for 
pancreatic glucagon, thus overcsiimaiing glucagon. Extrapancrcatic alpha 
cells have been observed in the gut of the South African fur seal, Arctocepha- 
lus pusillus (Van Aswegan and V'iljoen 1987). The lowest total glucagon 
levels measured contributed to a molar I:G ratio ^1.0 in all animals 
studied. In other mammals, an I:G ratio of less than 1 is correlated with 
high rates of hepatic gluconeogenesis (Ungcr, Eiscntraut, and Madison 
1963; Unger 1985). 

In general, changes in plasma levels of insulin and glucagon as well as in 
their ratios were consistent with fasting adaptations observed in animals as 
diverse as humans and penguins (Marliss et al. 1970; Cahill and Aoki 1977; 
Cherel, Leloup, and Le Maho 1988). Decreased levels of insulin and a low 
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I:G ratio allowed for the increased mobilization of lipid from fat stores as 
protein and glucose were conserved. It was not expected that the prefksting 
insulin levels in newly weaned seals would be so low. However, potential 
explanations are that (1) the high fat milk diet (Lc Bocuf and Ortiz 1977; 
Riedman and Ortiz 1979; Kretzmann 1990) suppressed insulin secretion; 
(2) the high body fat levels impaired insulin secretion (Kirby 1990); (3) 1- 
month-old seals were still too young developmentally to rqgulate glucose 
nonnally (Ticran 1970); or (4) insulin secretion was low because of its 
minor role in glucose homeostasis in this species (Kirby 1992). 

GLUCOSE TOLERANCE TESTS 

Glucose tolerance tests (GTT) can provide an index of pancreatic islet sen- 
sitivity to changes in plasma glucose. If insulin does not regulate blood glu- 
cose leveb in these animals, one would expect an impaired response in 
which animals do not closely regulate their blood glucose levels. To test 
this, glucose was administered intravenously (IV) as a 50% solution over a 
2- to 4-minute period in a standard dose of 25 g or 0.5 g glucose/kg body 
weight, and the disappearance rate (K) of glucose was measured over time. 
Feeding mammals ncNrmatty have K values of 2.3 or greater in contrast to 
fiuiting animals, which have K values of 1.0 or less. The glucose tolerance 
profile for five seals at weaning and after 8 weeks of &sting is shown in 
figure 21.2. K values were 2 1.0 for all seals. This profile is similar to that 
seen in obese and diabetic humans (Salans, Knittle, and Hirsch 1983). 
Normal (nonobese) nuunmab would restore euglycemia within GO to 90 
minutes of the glucose injection due to an acute insulin response. 

Impaired glucose clearance (K £ 1.0) and the total lack of an insulin re- 
sponse to a glucose injection were virtually identical for pups at weaning 
and after fasting 8 to 1 1 weeks. These data indicated that these seals were 
adapted for fasting, that is, they switched to &t oxidation metabolism, prior 
to weaning. 

In other mammalian neonates, the transition fiom the glucose-based 
metabolism of the fetus to the high fat milk diet of the neonate is accompa- 
nied by an increase in gluconeogenesis and fatty acid oxidation and a de- 
crease in hepatic lipogenesis in the perinatal period (Kalhan 1992). As car^ 
bohydrate is introduced into the diet, the neonate decreases its reliance on 
de novo synthesis of glucose and increases insulin secretion. £lephant seal 
milk does not contain carbohydrate; in fact, the fat content is at its highest 
just prior to weaning. Thus, the suckling elephant seal neonate cannot de- 
velop the ability to secrete or utilize insulin for carbohydrate uptake into 
tissues. 

Impaired insulin secretion and tissue insensitivity to insulin are corre- 
lated with high body fat leveb (and high fat diets) in other mammab. We 
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Fig. 21.2. Glucose tolcraiuc test for five elephant seal pups just prior to weaning 
(closed symbols) and after 8 weeks of fasting (open synibtjls i. The mean glucose re- 
sponse is represented by the square svmbols (solid line). The mean insului response 
is rquresented by the trtai^e and hourglass symbds. At time zero, a bohis injection 
of 25 g glucose in a 50% saline solution was injected intravenously. For purposes of 
clarity, the largest standard deviations for glucose and insulin are shown as vertical 
bars. 



investigated the effect of body fat on the insulin response to a glucose chal- 
lenge by comparing glucose clearance rales (K) in pups with known body 
weights, body composition, and age (Kirby and Ortiz 1989). It proved to 
be very difficult to separate changes in body fat levels from changes in age. 
Virtually ail seals larger than 100 kg body weight at weaning had a fat 
mass of 48 to 50%. Seals smaller than 90 kg at weaning had lower body fat 
levels (<40%). However, all seals, regardless of weaning mass, age, and 
duration of fasting, had impaired glucose clearance values less than 1 .0 
with little or no insulin response to the glucose injection. Glucose clearance 
values estimated from figures in harbor seal and Weddell seal studies were 
also less than 1.0 (Hochachka et al. 1979; Rol»n et al. 1981). 



INSULIN TOLERANCE TESTS 

As a mammal adapts to fasting, there should be a decrease in tissue sensi- 
tivity to insulin concomitant with decreased insulin secretion (Cahill et al. 
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Fig. 21.3. Insulin tolerance test for five elephant seal pups just prior to weaning 
(closed symbols) and after 8 weeks of fasting (open symbols). The mean glucose re- 
sponse is represented by the square symbols (solid line). The mean insulin response 
is represented by the triangle and hourglass symbols. At time zero, a bolus injection 
of 0.1 U insulin/kg body weight was injected intravenous! v. For purposes of clarity, 
the largest standard de\ iations for glucose and insulin are shown as vertical bars. 
Note change of scale from Eg. 21.2. 

1966). Changes in peripheral tissue sensitivity to insulin were assessed by 
intravenous injections of 0.05 to 0.1 U insulin per kg body weight. In re- 
sponse to insulin, plasma glucose levels decreased in all seals studied. 
Although the exogenous insulin was cleared from the blood within 20 to 30 
minutes postinjection, blood glucose levels did not reach a nadir until 40 to 
90 minutes postinjection. 

A typical insulin tolerance test (ITT) profile is shown in figure 21.3 for 
five seals prior to and after 8 weeks of fasting. Blood glucose was not re- 
stored within 135 minutes postinjection even though some seals tolerated 
blood glucose levels as low as 3.5 to 4 mM for almost an hour without any 
behavioral changes. There was no difiference in glucose recovery rates for 
nursing and fasting pups. This pattern of impaired response has been 
observed in fasting and feeding obese humans as well as in diabetics (Dre- 
nick et al. 1972). In contrast, most mammals restore euglycemia within two 
hours of the insulin injection. The maximal hypoglycemia in response to in- 
sulin is reached within 30 minutes of the injection. 
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Elephant seal pups tolerated a reduction of plasma glucose of 50% of 
basal level glucose. This suggests that plasma glucose levels were not closely 
regulated by the standard insulin-glucagon push-pull model. It is possible 
that glucose control was not as important due to adipose tissue inscnsitiv- 
ity to insulin. We measured changes in the by-products of lipolysis, plasma 
NEFA and BOHB, in response to an insulin injection in four seals after 
an 8-week fast. Although XF.FA and BOHB both decreased in response to 
insulin, plasma NEFA levels began to recover inunediately and returned to 
preinjection levels 20 minutes after the exogenous insulin was cleared from 
the plasma. Ketone levels did not start to recover until 60 minutes after the 
injection and, like glucose, did not return to preinjection leveb within the 
150-minute experimental period. Thus, insulin had an effect on lipolysis, 
although in this experiment we could not determine whether fatty acid 
levels decreased due to insulin suppression of adipocyte lipolysis or due to 
facilitated muscle cell uptake of fatty acids. 

SUMMARY AND CONCLUSIONS 

Overall, fasting elephant seal pups conformed to the general mammalian 
model of fuel homeostasis for fastintr animals in w hirli protein conservation 
is paralleled by increased mobiiizaiion and ulilizaiion ot lipid. It is surpris- 
ing that these same adaptations are also seen in suckling pups just prior to 
weaning. However, when we examine the nutritional life history of elephant 
seals, we find that fat is the major energy source throughout development 
whether individuals are consuming high fat milk, high fat fish, or body fat 
stores. Since elephant seals consume only a minimal amount of dietary car- 
bohydrate, all glucose must be made from precursors derived from the diet 
or from tissue stores. To date, changes in fuel distribution, fuel turnover 
rates, and plasma metabolites confirm that lipolysis is the major source of 
energy — and possibly glucose — in northern elephant seals. 

The insulin and glucose studies show- that nursing elephant seals are 
preadapted for fasting. The lack of pancreatic islet response and the im- 
paired glucose clearance ( K ^ 1; fig. 21.2), the tissue inscnsitivity to insulin 
(fig. 21.3), and low plasma insulin and low ratio of I:G all contributed to 
maximizing the release of lipid from adipose tissue and were not a function 
of age, body fat, or nutritional status in seals. This emphasis on lipid mo- 
bilization concurrent with minimal oxidation of glucose and protein sug- 
gests that glucose may be synthesized firom glycerol while the &tty adds are 
oxidized to meet the total energy needs of feeding and fasting seals. The 
important difierence between the feeding and fasting state would be the 
partitioning of amino adds into protein synthesis or into gluooneogenesis. 

Despite the fact that insulin is considered essential to protdn synthesis in 
musde tissue, suckling pups can gain a kilogram of lean tissue daily, even 
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vtith plasma insulin levels of less than 12 /lU/ml. We suggest that this same 
anabolic condition exists for young fasting seals who arc actively recycling 
protein and glucose as they reorganize their tissues. The observation that 
active synthesis and reorganization of tissue protein occurs throughout the 
postweaning period of fasting and development is supported by the pre- 
viously mentioned protein turnover studies. Although we do not understand 
how these seals balance anaboUc and cataboUc processes during the post- 
weaning fast, the hormonal data suggest that we reevaluate the importance 
of insulin and glucagon in fuel regulation in these animals in particular and 
in other carnivores in general. 

If insulin is not important in fuel homeuatasis in this species, then other 
factors may play a more important role in glucose homeostasis. The in- 
fluence of diving hypoxia on various tissues as well as the brain may change 
the influence that insulin has on muscle. It has been observed that hypoxia 
enhances muscle tissue sensitivity to insulin, reducing the amount needed 
to stimulate tissue growth (King et al. 1987). Diving may also enhance 
plasma fuel availability because exercise induces a release in epinephrine, 
which then increases glucose and free fatty acid release (Hamburg, Hend- 
ler, and Sherwin 1979). Increases in epinephrine and glucocorticoid plasma 
levels can also inhibit glucose-stimulated insulin release (Ploug, Galbo, and 
Richtcr 1984; Porte, Smith, and £nsinck 1979). 

Alternative speculations suggest that insulin may not be necessary for 
protein synthesis in muscle tissue because seals may have high plasma 
levels of growth hormone or growth factors. The cellular requirements for 
energy are also regulated in part by thyroid hormone and glucocorticoids. 
These hormones are important for phocid molting (Ashwell-Erickson et al. 
1986) and could be important to overall fuel homeostasis in seals. However 
anabolic processes are regulated, the glucose needs of the brain and other 
glucose obligate tissues must first be met so that seals can survive as diving 
carnivores who routinely experience apnea, tissue hypoxia, extreme exercise 
(as in deep diving), and periodic fasting. While fuel homeostasis in fasting 
seals is consistent with the general mammalian model of fasting, adipose 
tissue may be far more important to the elephant seal for glucose homeosta- 
sis than it is in other mammals. 
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Endocrine Changes in Newborn Southern 

Elephant Seals 

Michael M. Bryden 



ABSTKACT. The structuTc and functicm of some oidocrme organs (hypophysis, thy- 
roid, and pineal gland) oi newborn southern elephant seals and their rale in main- 
taining homeothermy are reviewed briefly. The adrenal gland is probably Import 
tant, particularly in the immediate perinatal period, but it has not been wcaminrd 
yet 

The predominant cell in the hypophysis <^ the newborn seal is the somatotroph, 
suggesting that secretion of growth hormone is a major function of the gland during 
«5uckling, when pups grow rapidly. The degree of control of Other endocrine organs 
by the hypophysis in newborn seals is unknown. 

The thyroid gland is large, with histological ev idence of activity at and soon after 
birth. The thyroid hormones T3 and T4, present in circulating blood at birth, arc 
elevated within the subsequent two hours and remain high for approximately the 
first week postpartum. As drculating thyroid hormones decline, metabcrfic rate 
probably declines also, but direct measurements have not been made. 

The pineal gland is very large and active in newborn southern elephant seals and 
remains so unitl 7 to 10 days postpartum. Circumstantial evidence suggests it is in- 
volved in the control of thermogenesis in early postnatal life. 

Newborn phocid seals have a characteristically short lactation period, when 
the young undergo dynamic change (Bryden 1969; Oftedal, Boness, and 
Tedman 1987). Growth is rapid; most species at least treble their birth 
weight in just a few days or weeks (Laws 1959; Bowen, Oftedal, and Boness 
1905). Most of the increase in weight is due to deposition of fat, although 
groivth of the musculature and many other organs does occur. There is lit- 
tle increase in bones during this phase of growth (Bryden 1969). Dynamic 
shifts in the relative size of different tissues and organs occur during this 
stage; for example, the muscles that are used in terrestrial locomotion grow 
relatively more quickly than those that are not. This situation changes 
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when the seals b^n swimming, when those muscles responsible for aquatic 
propulsion grow relatively more quickly (ibid.). 

£lephant seals are subjected to severe enviroiunental conditions at and 
soon after birth. Although they experience a less extreme temperature 
change in passing from the uterus to the external environment than do 
polar seals such as Weddeil and ringed seals, it is conceivable that they 
experience greater cold stress at birth. The coat o£ polar seals dries very 
quickly after birth, as the placental fluids on the coat quickly freeze and fall 
oflfor can be shaken off. In addition, the natal fur of these species is thicker 
than that of the newborn elephant seal and is a more effective insulator. 

Southern elephant seals are bom on subantarctic islands, where the en- 
vironmental temperature is usually in the range of — 5°C to +5''C. Rain, 
sleet, or snow is common, and the coat of the newborn seal may remain wet 
for several hours. This combined with the relatively ineffective insulation of 
the coat means that the newborn elephant seal can be subjected to extreme 
cold stress at birth, exacerbated by average wind speed on many subantarc- 
tic beaches of 40 km/hour. 

As a rule, newborn pups do not adopt behavioral means of reducing heat 
loss, such as curling up, seeking shelter, or seeking to huddle close to neigh- 
bors. Neither does the mother protect the newborn young from heat loss: 
she does not attempt to shelter it or draw it close to her body. 

These observations suggest that physiological mechanisms are predomi- 
nant in maintaining body temperature in early postnatal life and play an 
important role in other body mechanisms during this dynamic part of the 
seal's postnatal life. Shivering is observed rarely (Laws 1953; Little 1989) 
and does not appear to be an important means of thermogenesis except in 
the most extreme circumstances. 

My group has been studying aspects of the endocrine changes in early 
postnatal life for several years. Major aims of the work have been to ex- 
amine the endocrine control of early postnatal development and gain some 
insight into possible means of thermogenesis in the first hours and days 
after birth. 

THE ENDOCRINE GLANDS IN NEWBORN SEALS 

It was first observed about forty years ago that in newborn seals certain 
organs, notably, the gonads, are very large and appear to be subjected to 
endocrine stimulus at about the time of birth (Hamrison, Matthews, and 
Roberts 1952; Bonner 1955). E. C. Amoroso, G. H. Bourne, R.J. Harrison, 
L. H. Matthews, I. W. Rowlands, and J. C. Sloper (1965) described the 
histolopcal appearance of several endocrine organs in fetal, newborn, and 
adult gray and conunon seals and noted particulariy that the hypophysis 
(pituitary gland) was well developed at birth. However, they concluded 
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Fig. 22.1. Comparative median sections of the hypophyses of some mammals. The 
shaded structure is the adenohypophysis; the cross-hatched structures are the 
neurohypophysis and adnexa. 

that the rapid decrease of endocrine influence on the gonads, which invo- 
lute rapidly, suggested that the placenta rather than the fetal hypHDphysis is 
implicated. The large size of the gonads is due mainly to proliferation of 
interstitial cells and does not reflect functional status of the organs. 

The Hypophysis 

The hypophysis of the southern elephant seal conforms to the general 
mammalian pattern. Its form is compared with that of some other mamma- 
lian species in figure 22. 1 , which shows variations in shape but not of gen- 
eral arrangement. The significance of the intraglandular cleft, expansive 
in the newborn hypophysis but greatly reduced in the adult, is unknown. 

Cell types in the pars distalis were differentiated by staining with a 
Periodic Acid Schiff-Alcian blue — orange G method modified from M. F. 
El Etreby, K.-D. Richter, and P. Giinzel (1973). Four clearly distinct chro- 
mophilic cells were visible following staining, namely, gonadotrophs, thy- 
rotrophs, lactotrophs, and somatotrophs. The relative frequencies of the 
different cell types in adult cows and young pups are shown in table 22.1. 
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A preponderance of chromophobic cells in the hypophysis at birth con- 
drasts with the situation in the adult, in which chromophilic cells suggest 
activity in controlUng various physiological events and reproductive events 
in particular (Griffiths and Bryden 1986). A similar, relatively immature 
appearance of the adenohypophysis of the newborn animal, with the pres- 
ence of many chromophobic cells, was observed in the harp seal by J. F. 
Leatfaerland and K. Ronald (1979). This contrasts with the finding in the 
ooounon seal that the maturity of the adenohypophysis at birth is striking 
(Amoroso et al. 1965). 

By far the most abundant chromophilic cell in the hypophysis of the 
elephant seal pup is the somatotroph, suggesting that the adenohypophysis 
may be actively secreting growth hormone during the rapid early postnatal 
growth of the pup (see table 22.1). Attempts to assay growth hormone in 
the plasma of elephant seal pups were unsuccessfijl, but the morphological 
evidence suggests that plasma concentrations of growth hormone may be 
quite high. 

Immunocytochemical methods would improve the sensitivity of identify- 
ing the different cell types and would enable one to identify corticotrophic 
cells. They would also differentiate between luteotrophin-secreting and 
FSH-secreting cells, not possible with the histochemical staining regime 
used here. 

The Thyroid 

The hormones secreted by the thyroid gland, thyroxine (T4) and tri- 
iodothyronine (T3), are responsible for normal growth and maintenance of 
liomeothermy through their role in controlling body metabolism. We have 
examined both histological and endocrinological indicators of thyroid func- 
tion. A detailed description of the thyroid gland and its function in southern 
elephant seals has been provided by G.J. Little (1991). 

Histology, Squamous thyroid epithelial cells are indicative of low or re- 
duced thyroid activity, whereas cuboidal or columnar epithelium signifies 
increased activity. In southern elephant seal pups, thyroid epithelial cell 
height is significantly greater in the first two days <^life than subsequently 

(Little 1991). 

Ultrastructurally, dramatic morphological changes occur in the thyroid 
epithelial cells in the first 24 to 48 hours after birth and have been illus- 
trated by Little (1991). Pseudopodia protrude into the thyroid follicular lu- 
men from the surface of the cpithehal cells. The pseudopodia engulf colloid 
within the follicular lumen and take it up into the epithelial cells. For the 
first few hours of postnatal life, colloid is confined to the apical portion of 
the epithelial cell, but after 6 hours, colloid droplets become distributed 
throughout the cytoplasm. This indicates that thyrogiobuiin, absorbed from 
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the lumen following engulfnK tu by the pseudopodia, is being hydrolyzed 
and that T4 and T3 are being released. 

Endocrimlogjf, The plasma concentrations of T4 and T3 increased in the 
first 24 hours or so of postnatal life (Little 1991). Plasma T4 concentration 
showed about a twofold increase in the first 2 iiours after birth, which is 
similar to the situation in many other mammals. Plasma T3 concentra- 
tion, however, increased about eightfold at 24 hours after birth, the most 
dramatic increase of any newborn mammal. The concentration remained 
elevated until 7 days of age. Little (1991) concluded from these observations 
that the hypophysis-thyroid axis is functional at birth in the southern ele- 
phant seal and that the thyroid gland is the source of drculatmg T4 and 
T3 in the pup. 

T3 is physiologically much more active than T4, and in newborn 
elephant seals, it seems to play an important role in thennogencsis, at least 
in the first week of postnatal life. It probably docs so by increasing the 
metabolic rate. The growth of fat increases markedly after the first week 
(Brydcn 1969), so the physical insulation it provides probably reduces heat 
loss, leading to lowered metabolic rate. We have not confirmed this in 
elephant seals, but it has been shown to be the case in common seals and 
harp seals (Da\ yd(>\' and Makarova 1964). 

In summary, there is morphological and physiological evidence that the 
thyroid gland is xcry ac tive within a few hours of birth and is re sponsible 
for increased levels of circulating T4 and 13 for the first days of life. It was 
not possible to confirm whether thyroid function was initiated and main- 
tained by the hypophysis, but the presence of mature thyrotrophs in reason- 
able numbers in the hypophysis of the newborn seal (table 22.1} suggests 
this is probably the case. 

The Pineal 

It has been known for almost twenty years that polar animals tend to have 
a very large pineal gland. Southern elephant seals are no exception. A re- 
markable feature of this species, however, like the W'eddcll seal and other 
polar seal species, is that the pineal gland is particularly large at birth 
(Bryden ct al. 1986; see fig. 22.2). 

Histologically, the pineal contains many pinealocytcs at birth, indicating 
that the gland is potentially functional (ibid.). This contrasts with the 
gonads, whose enlargement at birth results from the great proliferation of 
interstitial tissue. 

Ultrastnicturally, the pinealocytcs appear relatively immature (Little 
and Bryden 1990). This suggests that the pineal, although enlarged, may 
not be very active at birth. However, the density of pinealocytcs is similar 
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Fig. 22.2. Median section of the brain of a dog (top) and a newborn elephant sea! 
(bottom). The pineal of each is marked (P). 



in pups and adults, and the pup pineal contains 50 to 100 times more 
pinealocytcs than the adult (Br^^den ct al. 1986). 

We tested for pineal activity by assay of plasma for the hormone secreted 
by the pineal gland, melatonin. Details of the assay method arc given in 
D.J. Kennaway, T. A. Gilmore, and R. F. Seamark (1982) and C. R. Earl, 
M.J. D'Occhio, D.J. Kennaway, and R. F. Seamark (1985). 

The assays revealed extremely high concentrations of circulating melato- 
nin in the first days of postnatal life. Concentrations in excess of 60,000 
picomoles per liter (pM/1) were measured. (This contrasts with levels in 
most adult mammals of 100-300 pM/1.) It is possible that at least some of 
the melatonin may originate from organs other than the pineal, for exam- 
ple, the retina. However, the fact that the pineals of newborn pups also con- 
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tained high concentrations of melatonin (Little and Bryden 1990) ai^es for 
a high level of production of melatonin in the pineal itself. 

The pineal and its secretory product, melatonin, have been implicated in 
the control of several physiological mechanisms, in particular, reproduc- 
tion, by mediating the influence o[ the photoperiod on the neuroendocrine- 
reproductive axis. As currently perceived, the function of the pineal is a 
rather general one, serving as an intermediary between the external en- 
vironment (particularly the photoperiod) and the organism as a whole (Rei- 
ter 1981). We have observed that it is large and active in the newborn 
elephant seal and suggest it is involved in thermoregulation at this stage of 
the seal's life. 

The profiles of plasma melatonin and T3 concentration are somewhat 
similar. They increase in the first hours of postnatal life and decline after 
about the first week. 

Qmparison of Southern and Northern Elephant Seals, If our conclusion that 
the pineal gland in newborn pups is involved in thermor^uiation is correct, 
we should expect to see a lesser role for the pineal in early postnatal life in 
the northern elephant seal as compared to the subantarctic southern 
elephant seal. Plasma has been assayed for melatonin concentration in 
northern elephant seals (fig. 22.3). Wc sec that although the concentration 
of melatonin in northern elephant seals is very high, and it follows a similar 
pattern to that in the southern elephant seal, the concentrations for the 
most part are substantially lower than in the southern elephant seal. This 
needs to be looked at in more detail, but these results tentatively support 
the notion that the pineal gland is involved in thermogenesis in elephant 
seals in early postnatal life. 

Adrenal 

An important omission so far is the adrenal gland, which has not been ex- 
amined in elephant seals. F. R. Engelhardt and J. M. Ferguson (1980) re- 
ported high concentrations of Cortisol and aldosterone immediately alter 
birth in gray seal and harp seal pups. They discussed the possible role of 
these hormones acting synergistically to promote gluconeogenesis and the 
role of Cortisol in increasing cold tolerance in the newborn. The extreme 
cold to which newborn southern elephant seals are subjected induces stress 
almost certainly, and the role of the adrenal needs to be addressed. 



CONCLUSIONS 

Endocrine glands of newborn southern elephant seals are active and almost 
certainly vital to survival in the first hours and days of postnatal life. Mor- 
phological evidence suggests the hypophysis secretes growth hormone, in- 
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Fig. 22.3. Plasma melatonin concentration (pM/1) in neonatal southern (doted 
circles, solid line) and northern (open circles, broken line) elephant seals. 

volved in the \CTy rapid growth during the lactation period. It has not been 
possible to quantify the degree of hypophyseal control of the thyroid gland 
in early postnatal life by the methods used so far. 

The thyroid gland is large and active within about 2 hours of birth in the 
production of thyroid hormones. Increased amounts of thyroid hormones 
are released into the bloodstream during the first day, and high circulating 
levels arc maintained for the first week of life. The rate of metabolism prob- 
ably declines in the second week as a consequence of reduction in the levels 
of thyroid hormones, when the rate of blubber deposition increases and 
physical insulation is enhanced. 
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The pineal gland is very large and active in newborn elephant seals. Gir- 
cumstantial evidence suggests that it plays an important role in thermoreg- 
ulation in the first hours and days of postnatal Ufe. 
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haul-out pattern of, 61^ 238 

at Macquarie Island, 68 

size variation in, 356 
Breeding intensity, of females, 141-144 
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Breeding males 

fasting among, 1^ 

at Macquaric Island, 68 

metabolic rates of, 104 
Breeding season 

body mass over, 201 

of the northern species, IQ 

of the southern species, LS 
Breeding sites, preferred, 3. 
Breeding unit, size of, Ifi 
British Columbia waters, feeding in, 205 
Brody function, 159-160 
Brydcn, Michael M., 332 
Bulls. See also Dominant bulls; Males 

belligerence of, 15 

dominance hierarchy among, 52 

prime breeding years for, Ifi 

weights of, 362 
Buoyancy, control of, 320 
"Burst diving," 333 
Burton, Harry- R.. 66, 253 

California 

births in, 40 

colonization of, 29^ 38-39 
commercial exploitation in, 30—32 
origins of elephant seals in, 2-3 
California Marine Mammal Center, 123 
California rookeries, growth at, 3fi 
California sea lions, diving bouts of, 31 1 
Campbell Island, population in, ^ 
Cape Arago, 11 

Cape San Martin, sur\'ey of, 42 
Cape San Martin/Gorda colony, 3& 
Cape St. George, 40-41 
Capillary tube depth recorders, 273-274 
Cardiac patterns, 347-348 
Castellini, Michael A., 343 
Censusing programs, 01 
Cephalopods, 105-106. See also Prey 

bioluminescence of, 219 

percent of occurrence and habitat of, 214 

as prey, 212^ 213 
Chambers, C, 3M 
Channel Islands, colonization of, 32 
Chemical immobilization, 212 
Circulatory alterations, during diving and 

sleeping, 348-350 
Civil twilight, 228 

Climatic fluctuations, population changes 

and. 77-78 
Clinton, Walter L., 151 



Coefficient of drag (CD), 105 

Cohort variation, in the northern species, 

126-128 

Colonization process, of the northern species, 
39 

Commercial exploitation, of the northern 

species, 30-32 
Commercial fishing operations 

competition with, 1 14 

population decline and, 2fi 
Competition. See also Intrasexual competition 

effect on population decline of, 2fi. 

among females, 193 
Condition, effect on age-specific survival of, 
128 

Cookiecuttcr sharks, 21 

Costa, Daniel P., 169, 328 

Courbct Peninsula, population in, 58—59 

Covariance, analysis of, 176 

Cows. See also Females 

mortality rates of, 91-93 

movements at sea of, 93-94 
Cox Proportional Hazards Model (CPHM), 
111 

Crabeater seals, 03 
Crocker, Daniel E., 169^ 328 
Cross-sectional age structure studies, 81 
Cross-sectional studies, Z2 
Crustaceans, as a component of diet, 213 
Cyclostomes, 246 

as a component of diet, 213. 220 

Dawn 

animal movements at, 234 

equations used to predict, 234 
Day length, measuring, 2.30-231 
Deep dives, functions of, 263. See also Diving 
DeLong, Robert L., xiii, 29^ 21_L 220 
Demographic studies, 81 
Density-dependent mechanism, population 

size and, 25 
Depcnsation concept, 146-147, Lil 
Descent angles, 333 
Descent velocities, 105, 331 

of northern species females, 312 
Deutsch, Charies J., Ifi9 
Dicl pattern, of diving, 317-321 
Diet. See also Prey 

components of, 113-114, 307 

in the Georgia Island population, 106- 
L02 

of the northern species, 21 1-221 
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Diet {continued) 

of the southern species, 2M 

studies of, &I 
Disease, role in population regulation of, 
25 

Dive depths 

of adult males, 245, 26£ 2^ 

of juveniles, 285 

of northern species females, iLZ 
Dive depth-duration ratio, 315 
Dive depth profiles, 
Dive durations 

frequency distributions of, 2B1 

transit velocity and, 333 
Dive elements 

correlation coefficients between, "^19 

interrelationships among, 317 

summary statistics of, 3M 
Dive function, in northern species females, 
328-337 

Dive parameters, variation in, 222 
Dive records, free-ranging, 239. chapters 14- 
L2 passim 

Dive segments, speed changes during, 333 
Dive sequences, 313 

characteristics of, 323 
Dive statistics, postbreeding, 245. 264. 29fi 
Dive types, !?5Q-!?fi.^ 

classification of, 312, 33Q 

distribution of, 3lL£ 

of females, 310-32.'i 

frequency distribution of, 32Q 

functions of, 333-337 

percentage in dive p>eriods of, 31S 

schematic profile of, 313 

schematic representations of, 33Q 

sequence of, 321 

temporal frequency of, 313-315 

two-dimensional shapes for, 334 

Type 1 dives, 253, 2fiQ:i2&l 

Type 2 dives, 253, 261 

Type 2 dives, 2fiL=2fi2 

Type 4 dives, 262 

Type 5 dives, 262 

Type 6 dives, 262=263 

Type A dives, 312. 315. 317. 321. 324. 
325. 330, 333. 334 

Type AB dives, 333, 335 

Type B dives, 312, 313-314. 324. 330. 
333,334 

Type C dives, 312,315, 317. 321.324. 
325*330,335 



Type D dives, 312, 315, 317, 321-325. 

330, 333. 336 
Type E dives, 312.315, 330. 336. 332 
Diving 

apnea tolerance during, 343-352 
in bouts, 31 1 

circulatory alterations during, 348-350 
depth and duration of, 263-265, chapters 

13-18 passim 
developmental aspects of, 271-285 
effect of reproductive condition on, 242- 

effect of sex on, 246-249 

generalizations about, 239-240. chapters 
13-18 passim 

heart rate during, 348 

implications of weight change for, 32Q 

by juveniles, 240. chapter L5 passim 

metabolic changes during, 350-351 

physiology of, 344-345 

studies of, 254, chapters 13-IR passim 

time sp>ent at, LQ5 
Diving animals, geolocation of, 235 
Diving apnea, similarity to sleep apnea of, 
34Q 

Diving behavior, 233-234. chapters 13-18 
passim 

during first foraging trip to sea, 276-282, 
284-285 

instruments for recording, 273-274 
physiological implications of, 265-269 
during the postweaning fast, 273-274, 
22fi 

"Diving biology," 343 

Diving metabolic rate, 265-267. 284 

changes in, 228 

of juveniles, 27fi 
Diving patterns, 249-250. chapters 12-18 
passim 

effect of age and mass on, 240-242 

free-ranging, 275-276 

of juveniles, 284-285 

male versus female, 948-247 

variations in, 237-2.'Sl 
Diving physiology, sleep physiology and, 345 
Dominance hierarchy, 15, 16 
Dominance rank 

age and, L9i 

in relation to male reproductive effort, 
lftft-1Q2 

Dominance status, of females, 1S2 
Dominant bulls, matings by, 89 
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Double tagging, L23 
Drift net fishing, HI 
Dusk 

animal movements at, 234 
equations used to predict, 2M 

Early-bom offspring, fitness benefit of, 199- 

900 

Early life, species dificrences in, 8 
Ear tags, 121, 133 
Elasmobranchs, 

Elephant Island, haul out at, 13 
Elephant seal milk, 329 
Elephant seals. See also Northern species; 
Southern species 

apnea tolerance in, 343-352 

appearance of, 1 

cardiac patterns in, 347-348 

differences among species of, 4-9 

ease of study of, xi-xii 

fasting among, xi, 374-383 

foraging ranges of, 62 

land cycle of, 9-14 

nomenclature of, 3-4 

origins of, 2-3 

predator-prey relationship of, Z9 

production efficiency of, 111. 113 

time at sea of, 14—15 

tracking, 222 
El Nino Southern Oscillation (ENSO) 
events, 37^ 3B 

effect on age of primiparity of, 139 

effect on food resource distribution of, 80 

effect on natality rates of, 14fl 

effect on population of, 28 

foraging during, L28 

juvenile survivorship during, 121 

survival during, 12fi 
Emigration, of the northern species, 29 
Endocrine changes, in newborns, 387-396 
Endocrine glands 

importance to survival of, 394—396 

in newborns, 388- 394 
Energy 

acquisition, expenditure, and investment, 
354-372 

expenditure and investment on shore, 

356-364 
of foraging, 105-106 
of growth, IM 
of molt, IM 

of reproduction, 103-104 



Energy acquisition 

interaction with energy expenditure of, 

370-372 
at sea, '^<)4-3f>Q 
Energy consumption, in the South Georgia 

population, Qft- 1 1 4 
Energy deficiencies, tolerance of, 199 
Energy' expenditures, in the southern species, 
103-107 

Energy saving, apnea and, 20 
Environmental change hypothesis, predic- 
tions from, 8D 
Environmental changes, effect on population 

decline of, 77-79 
Environmental conditions, exposure to, 3B8 
Environmental patterns, large-scale, 77-78 
Epibenthic foraging, 299 
Equilibration 

effect on population decline of, 76—77 

predictions from, 79-80 
Equinoxes, 229-230 

Experience, weaning success and, 142, 146 
Exploratory dives, 262. 263 
Exponential growth curves, 159-161 
Extended surface intervals (ESIs), 313, 325 
Extinction, early presumptions about, 30-32 

Falkland Islands, 51 

population in, 52 

regulation of sealing by, 59-53 
Farallon Islands, 21. 38-42 

studies of, 13E 
Fasting, xi 

adaptation for, 379, 282 

benefits of, 2Q 

hormones and fuel regulation in, 374—383 

as a life history trait, 19-20 

in males, L56 
Fat growth, increase after birth of, 292 
Fat oxidation metabolism, 379 
Fat storage, capacity for, 2Q 
Fecundity 

female, 141-144 

male, L56 

rates of, 86 
Fedak, Michael A., 98, 354 
Feeding studies, 236- See also Foraging 
Female age, weaning success and, 142 
Female aggression, Ifi 

pup survival and, L51 
Female life tables, 55 
Female longevity, 82 



404 



INDEX 



Female mass 

at parturition, 1 77. LIB 

weaning success and, 11 
Female molt 

behavior and energetics of, ^fi'i-'iM 

in the northern species, LD 

in the southern species, L3 
Female mortality, 133 
Female p>opulation, decline in, 22 
Female pups, prof>ortion at Marion Island, 

89. See also Pups 
Female reproductive efibrt, influences on, 
I7Q-I«« 

Females. See also Cows 
access to, L5 

age at first breeding of, 88, 122, 1^»-13Q 

age at primiparity and natality of, LZ 

body composition changes in, 359-362 

body mass and mass loss in, 1 74-1 

competition among, L93 

costs of reproduction for, 140-145 

deferred maturity in, LZ 

dive patterns of, 246, chapters 12-lfl 

passim 
dive types of, 310-325 
energy expenditure of, LQ8 
foraging areas of, 257-259 
future fecundity and breeding intensity of, 

141-144 

gross energy requirement for, IL3 

growth rate of, 155. 

intermittent breeding and natality of, 

nQ-i4n 
maximum longevity for, L£ll 
mean dive duration for, 267. chapters 12- 

L8 passim 

migratory routes of, 248-249. 300-301. 
302 

postbreeding migrations of, 249. 292-293 
postlactation trip to sea by, 13 
reproductive cycle of, 16-17 
reproductive effort in, 12D 
reproductive success of, IZ 
reproductive value of, 122 
site tenacity of, 139-140 
species differences among, 2 
survival rate of, 90-91 
swim speed and dive function in, 3'jH-337 
time spent on land and at sea by, 238. 
999-303 

tradeoffs in the life history of, 150-151 
weight loss during lactation of, 



First breeding, age of males at, 155 
First sea trip, dives during, 240, 2B2:i2a3 
First-year mortality. See also Mortality 

at Ano Nuevo, 121 

in the northern species, 124-126 

sca-levcl pressures and, 78-79 
First-year seals 

prey of, 2fi 

as targets for research efforts, 81 
First-year survival, 8H-H9. See also Survival 

calculating, 86 

decline in, 76j 29 

food accessibility and, 8Q 

influences on, 121 

rates of, 90, ai 

studies of, 22 
Fiscus, Clifford 211 
Fisheries 

competition with, 1 14 

effect on sur\-ivorship of, L3J 

population decline and, 2£t 
Fitness costs of reproduction, 192 
Food 

biomass consumed. Ill, 1 1 3 

consumption in the South Georgia 
population, 1 10-1 1 1 

effect on population decline of, 76-79 
Foraging, 2Q 

continuous nature of, 307 

data gathering about, 36^ 

on deep-dwelling prey, 2fi 

energy expenditure of, 105—106. LQ9 

in first-year seals, 81 

mixing of animals during, 2:49 

in relation to oceanography, 12J 

sex differences in, 248-249 

success in, 365 

time under water while, 315 

Type D dives and, 32J 
Foraging areas, 69 

distant, IIJ 

dives in, 222 

of Marion Island cows, 93 
Foraging dives, 33^-3*^7 
Foraging ecolog>' studies, 211 
Foraging migrations, postbreeding, 290-308 
Foraging patterns, sex differences in, 3.36 
Foraging trip, first, 276-282. 9ft4-9»5 
Fossil elephant seals, 2-3 
Free-ranging dive pattern, 975-976 
Fuel regulation, in fasting seals, 374-383 
Fuel turnover, studies in, 376 



Copyr 



INDEX 



405 



Fur seals, 2, 69, 104, 155.311.325. 378 
Future research, directions for, RO-ftl 

Genetic variability, loss of, 41 
Geographic location time-depth recorders 
(GLTDRs), 24L 22L See also Time- 
depth recorders (TDRs) 
Geolocation 

analysis software for, 82 
by light levels, 227-235, 24B 
recorders of, 8^ 221 
Gestation, maternal investment during. 

Gestation period, energy costs of, 92-93 

Giant petrel, decline in, 69 

Global climate studies, 77-7H 

Glucagon levels, 378-379 

Glucose tolerance tests (GTTs), '^79-<tRn 

Gompcrtz growth models, 101. 1 59- 1 GO 

Gough Island, 50 

population in, 52 
Government-controlled sealing industry, 
49-fi?t 

Gray seals, &1 

food consumption among, 93 

mass change in, 193-194 

metabolic rates in, 216 
Gross energy requirement, 1 1 1 
Growth 

energy of, 1Q4 

life history and, 165-167 

in males, 154-167 

measuring, in males, 158-161 
Growth functions, parameters for, Ifi3 
Growth hormone, in pups, 301 
Growth spurt, in males, 166-167 

Habitat, terrestrial, 9 
Halichoerus gtyfm. See Gray seals 
Harbor seals 

mass change in, 193-194 

metabolic requirements of, 268 

studies on, 229 

swimming efficiency of, Uih 
Harems. See also Cows; Females 

male positions in, 15-16 

organization of, 362 

overcrowding of, 25 
Harp seals 

food consumption among, 92 

heat increment of digestion for, 

mass change in, 193 



Harwood, J., 251 

Heard Island, population in, 59 

Heart pattern, '^47--^4ft 

Heat increment of feeding, 105-106 

Heat loss, reducing, ^AR 

Hematocrit 

determination of, 274. 229 

in Wcddell seals, •^4»-:^49 
Hemoglobin 

concentrations of, 283 

determination of, 274. 222 

levels of, 
Heterozygosity, findings on, 41 
Hill, Roger D., xiii, 222 
Hindcll, Mark A., 66, 253 
Homing, translocation and, 249-2.50 
Hormones, in fasting seals, 374-383 
Hubcr, Harriet R., 29 
Humans, predation by, 21 
Hydrurga Uptonyx. See Leopard seals 
Hypophysis 

development of, 3S8 

in newborns, :191 
Hypoxia, defenses against, 329 

"Ice seals," 68 

lies Crozct, population in, 60 
lies Kerguelen stock, 5«-6n 
Immigration, of the Northern species, 39 
"Individual effect," in weaning success, 146. 

151-152 

Individual variation, signiBcance for life 

history patterns, 145-150 
Injection method, remote, 81 
Injuries 

reproductive risk and, L26 

sex difTercnces in, 181, 196 
Insulin 

protein synthesis and, 382-383 

secretion of. ^7ft-?t7Q 
Insulin tolerance tests (ITTs), 380-382 
International Conference on Elephant Seals, 
xii 

Inirasexual competition, 171^ 173, 192-193. 
19B 

Isla Cedros, 28 

Isla de Guadalupe, 30-33. 36 

Isla Natividad, 2fi 

Isla San Mardn, 38 

Islas Los Coronados, 38 

Islas San Benito, 30, 33 

Isotope dilution measurements, 355 
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Jameson, Ronald J., 29 

Jolly-Seber mark-recapture analysis, 8fi 

Juvenile haul-out 

of the northern sp>ecies, 12 

of the southern species, 14 
Juvenile males, social play among, 200. See 

d/jo Juveniles 
Juvenile molt 

of the northern species, 111 

of the southern species, 13 
Juvenile mortality, 92 

at Ano Nuevo, 111 

population decline and, ZZ 

predation as a cause of, 2^ 
Juveniles 

diving behavior of, 240, 273-274, 27G- 
282 

diving pattern of, !?R4-!?ft'> 
foraging locations of, 2I£ 
foraging trips of, 122 
metabolic studies of, 275, OM-OM 
oxygen consumption in, 284 
stomach contents of, 222 
Juvenile survival 

from ages 1 to 4^ L2fl 

at Ano Nuevo, 131-132 

in the northern species, 1 2 1 - 1 34 

population regulation and, 80 

rates of, 132 

Kerguelen stock, 49, 50=51 

decline in, 68 
Killer whales, predation by, 21^ 75, 131^ 2fi2 
King George Island, population in, 52 
Kirby, Vicky Lee, 374 

Lactation 

body mass over, 201 
duration of, 187-188, 282 
energy expenditure of, 92-93, 103 
female weight change during, 185-187, 

357, 359 
pup growth during, 356 

Land 

energetics on, 354-355 

first mating of females on, lfi-17 

time spent on, 238 

Latitude, determining, 290-9^ 

Laws, Richard M., xii, 1, 49 

Le Boeuf, Burney J., xii, xiii, \^ 29, 121, 169, 
237. 271,310. 328 



Length 

cflcct on first-year survival of^ 1 93- 1 24 

measurement of, in males, 158-161 

as a measure of sexual size dimorphism, 
1 78 -1 79 

in relation to mass, LQ2 

standard measurement of, 158-159 

of weanlings, 128 
Leopard seals, 69 

predation by, 21 
Leptonyckotes weddelli. See Weddell seals 
Life history 

male, 155-158 

in relation to growth, 165-167 
Life histor>' parameters 

differences in, 126 

male, 1-54-155 

tagging studies to assess, 85 
Life history patterns, individual variation 

and, 14'i-15n 
Life history theory, 137. Ill 
Life span, for males and females, 121 
Life tables, 54-55 

for Ano Nuevo, 124 

calculating, M 

manipulation of data in, 89-91 

of Marion Island females, 88 

for the southern s|>ecies, 100-101 
Light-level curve, 235 
Light levels 

geolocation by, 227-235, 248 

measurement of, TV1-T.V.\ 
Lobodon carcinophagus. See Crabeater seals 
Location, determination of, 228 
Logistic function, 159-160, lfi2 
Longevity, female, 86^ L23 
Longevity class, reproduction and, 1 46- 1 50 
Longitude, estimates of, 222 
Longitudinal studies, 22 
Long Marine Laboratory, 275 
Lowry, Mark S., 211 

Macquarie Island, 49, 50-51. 60-62 
breeding females and males at, 68 
breeding season at, 13 
diving behavior at, 253-269 
female and juvenile molt at, 14. 
first-year survival at, 22 
haul out at, 13 
juveniles at, 14 
population decline at, £2 
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population dynamics at, 8Q 
posl-ycar I survival curve for, 2i 
pup mortality at, LM 
sealing at, Zfi 

survivorship rates at, 66, L33 
Macrorhinus, 3 

Maintenance metabolism, L93 
Male life history 

in relation to growth, 165-167 

review of, l .W- l .'ift 
Male life tables, 5^ 
Male molt 

of the northern species, lH 

of the southern species, L3 
Male ranking, achievement of, 16 
Male reproductive effort, Iftft-1Q9 

age-speci6c, L23 

effects of age class and dominance status 
on, 191-192 
Male reproductive energetics, 171. ^Q-^M 
Males. Ste also Bulls 

annual cycle of, LU 

biomass of, ^ 

body mass and mass loss in, 175-176 
decline in population of, 11 
dive depths of, 241, 298 
dive patterns of, 246. chapters and 1£ 
passim 

energy costs of reproduction in, IM 

energy expenditure of, 107-108 

foraging areas of, 248, 257, 303 

growth curve for, Ififi 

growth pattern in, 1 S^- \ 60 

injury risk for, L29 

mating effort of, 1B9 

mating success of, 16 

measuring length and growth in, 158-161 

postbreeding migrations of, 248. 293-294 

reproductive effort in, IZQ 

resource cortsumption by, 1 14^ 

secondary sexual characteristics of, i 

sexual aggressiveness of, L5 

sexual maturity of, 2^ 

sexual selection and growth in, 154-167 

survival rate estimates for, LQi 

threat vocalizations of, 8 

time spent on land and at sea by, 2M 
Male survival, costs of reproduction and, 

1 5 6-1 5 8 
Marion Island 

juvenile survivorship at, L32 



population decline at, 85^ 87-R9 

population ecology of southern species at, 
85-94 

population in, 59-60 

survivorship rates at, L33 
Mark-recapture analysis, 86 
Mark-resighting programs, 81 
Mass 

determination of, 274 

effect on diving patterns of, 940-242 

in relation to age, 1X12 

in relation to male reproductive effort, 

in relation to nose-tail length, 102 
Mass loss 

over the breeding season, LZ3 

calculation of, 201=202 

of lactating females, 93, 185-187 

measurement of, 1 74- 1 76 
Maternal age, reproductive effort and, 1 79- 
LB5 

Maternal investment 

correlation with parturition mass and age 
of, Ififi 

effect of pup sex on, 181-185 
measures of, 182-183 
pup birth mass and, 1A5 
pup mass gain and, LE2 
weanling mass and, L&& 
Maternal mass, lactation duration and, 187- 

L&a 

Mating 

behavior during, 15-16 
competition for, Li5 
effort of, LTD 

success of males in, 158. MA. 
Maturation, male, LM 
Mature cows, mortality rates of, 91-93. See 
also Cows; Females 

Maturity 

male, 156 

male growth after, 163 
Maximum depth recorders (MDRs), 224; 
McCann, T. S., 354: 
McCann formula, 40, 54-55 
McConnell, B.J., 

MCT velocities, swimming at, 331-332 
Mean dive duration 
changes in, 282 

as a function of time at sea, 279-282 
Mesopelagic habitats, 302 
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Mcsopclagic zone, feeding in, 306 
"Metabolic overhead," lai 
Metabolic rate. See also Metabolism 

of breeding males, IM 

decrease in, 2«.'^-2«4 

during fasting, 315 

after feeding, 336 

increases in, ^fi7-!^fiQ 

of pregnant females, 244-246 

during sleeping and diving, .'^.'iO-!^.'il 

of southern species females, 103 
Metabolic studies, 275 

during the postweaning fast, 276 
Metabolism 

fuel storage for, -^76 

swimming velocity and, 329 

thyroid gland and, 321 
Mexican Islands, survey of, 43 
Mexico 

births in. Mi 

new colonies in, 38 

population increase at, 36 
Microprocessor-based event recorder, 290. 
2QJ 

Microprocessor TDRs, 22^ See also Time- 
depth recorders (TDRs) 

Migration. See also Foraging 

determining routes of, 247-249 
postbreeding foraging, 290-308 
satellite monitoring of, 2hl 

Milk thieves, 18-19 

Mirounga, xi, 1. See also Elephant seals 

Mirounga angustirostris. See Northern species 

Mirounga leonina. See Southern species 

Mock fighting, 2DQ 

Molt 

energy expenditure of, 104, 109-1 10 
process of, 1 

in southern species female, ^fil^-^fv^ 
Monk seals, 3^ 1 
Morris, Patricia, 121 

Mortality. 5>« a/50 Juvenile mortality; Pup 
mortality 

age-speci6c, L22 

first-year, 124-126 

growth rates and, 162 

male, 155, L5fi 

at Marion Island, ftft-HQ 

preweaning, 18^ 9Q 

of three-year-old females, 91-9!^ 
Mother-pup separation, L8 



Multicomponent logistic growth functions, 
166 

Muscle samples, 274-275 

Myctophids, as a component of diet, 105. 

113-114 
Myoglobin assay, 274-275 

Naito, Yasuhiko, 310, 326 
Natality 
age at, 12 

measurement of, L3S 
National Marine Fisheries Service, 23J 
National Meteorological Center, 247 
Nelson Island, population in, 52 
Neonate mortality, 124, 1 3 3-1 3 4 
Neritic zone, feeding in, 2Iii 
Newborns 

adrenal gland in, 394 

endocrine changes in, 387-396 

endocrine glands in, 388-394 

pineal gland in, 391-394 

thyroid gland in, :^QI-M2 
Nonccphalopod prey, 220 

percent uf occurrence and habitat of, 

Nonforaging dives, 262-263 
Northern Hemisphere colonics, mixing 

among, 132-133 
Northern species {Mirounga angustirostris) 

ancestry of, 3Q 

colonization process of, 39 

commercial exploitation of, 2Q-.^2 

diet of, 211-221 

differences from the southern species, 4-9 
dive depths of, 239-243, 245-246, 292- 

298, chapters 1 1 5 passim 
dive types of, in females, 310-325 
extinction presumptions about, ^0-^2 
female life history strategics in, 137-152 
future growth in, 40-41 
isolation of, 2 

juvenile survivorship rate among, 121- 
\M 

land cycle of, Q-H 

population increase in, 7Q-ftO 

population size of, Mi 

postbreeding foraging migrations of, 248, 

prehistory of, 3Q 

pup diving in, 271-285 

pup mortality in, 18 
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recent trends and present status of, 33-39 
recovery of, 4.1 

sexual selection and growth of, in males, 
1-S4-Ifi7 

subtropical breeding locations of, 4—7 

survivorship curve of, 128 

swim speed and dive function of, in 

females, 328-337 
threat call of males of, 8 
lime at sea of, 14—15 
variation in reproductive effort in, 169- 

2QQ 

variations in diving patterns of, M?-!?.*!! 
North Pacific, the northern species in, Ml 
North Pacific Transition Zone (NPTZ), 307- 
308 

North transits, 292 

Nose-tail measurements, 101-102 

of males, 158=059 
Notothenids, as a component of diet, 1115 
Nur, Nadav, ]31 
Nursing, 18-19 

female fasting during, 12 

growth rates during, lfi2 

pup mass gain during, 188 

of unrelated pups, L8 

weight gain during, 37.') 
Nursing period, length of, 222 

Obstructive apnea, 349 

Ocean circulation, effect on food resources of, 
8Q 

Ocean environment, effect on population 

decline of, 77-79 
Oceanography, in relation to foraging, 211 
Odobenids (walruses), 2 
Oil 

sealing as a source of, 62 
yields of, 52, 53 

Ommatophoca rosu. See Ross seals 

On-shore energy expenditure, 356-364 
Orphan pups, adoption of, Ifi 
Ortiz, C. Leo, 224 
Otariids (fur seals and sea lions), 2 

compared to phocids, 332 

swim velocities in, 231 
"Overshoot" hypothesis, 7fi-77 See also 

Equilibration 
Oxygen storage 

capacity for, 274^ 283 

diving performance and, 272-273 



Pacific whiting, as prey, 212, 213-217. 21S 
Parasite infestations, 25 
Parental effort, IZQ 
Parturition. See also Birth 

body mass at, 2111 

prior, 141-142 
Patagonia, population in, 52 
"Paucity of males" hypothesis, 89 
Pectoral girth, lli2 
Pelagic foraging dives, 261, 263-264 
Pelagic prey, 26 

Pelagic red crabs, as prey, 213, 219 
Penguins, 69 

Peninsula Valdcs, population at, 52 
Petrel |X)pulations, decline in, 69 
Philopatr>', L9. 

Phoca groenlandica. See Harp seals 
Phoca hispida. See Ringed seals 
Phoca vituiina. See Harbor seals 
Phocids (the true seals), 2 

annual food consumption estimates for, 
99 

compared to otariids, 332 

mass change in species of, 193-194 

origins of, 2-3 

oxygen storage capacity in, 283 

reproductive energetics in, 121 

status in the Southern Ocean of, 60-72 

Photogrammetric technique, 175, 131 

Physiological variables, over the first eight 
months of life, 276 

Physiology 

diving behavior and, 265-269 
of phocids versus otariids, 222 
role of melatonin in, 394 
of sleep-associated apnea, 345-351 

Pineal gland 

in newborns, 391-394 

in the northern species versus the south 

rrn sprcirs, ^^04 

Pinnipeds, 2 

diving in, m, 244 

energy requirements of, 98-99 

growth pattern of, in males, L55 

Placental mass, IM 

Plasma glucose levels, in pups, 376-377 
Plasma hormone levels, 378-379 
Plasma metabolite levels, 376-378 
Point Reyes Headlands colony, 28 

sur\'ey of, 42 
Polar animals, pineal gland in, 392 
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Polygyny, 13 
Population 

diiiiculty in estimating, 6fi 

increase in, 29 

at Marion Island, 85-94 

in the South Georgia stock, -^-Sft 
Population biology studies, of the southern 

species, 22 
Population biomass, estimates of, LL3 
Population decline, fi2 

causes of, 62-fi3 

characteristics of, 

commercial fishing and, 1£ 

at Marion Island, 8^ 

"overshoot" hypothesis of, 7fi-77 
Population growth, estimates of, 411 
Populations, total energy requirements of, 99 
Population size, of the northern species. Ml 
Population trends, of the southern species, 
67-72 

Postbreeding migrations, 248-249. 290-308 

dive depths during, 293 

of females, 87, 999-99'^ 

of male«. 9Q'^-9Q4 
Postnatal life, melatonin concentration 

during, 393-394 
Postweaning fast, L22 

development of diving during, 279-973 

diving behavior during, 273-274, 22fi 

duration of, 8 

metabolic studies during, 97fi 
Predation, 20-21 

population decline and, 25 
Predator-prey relationship, 23 
Pregnant females, dive duration in, 242-246 
Preweaning mortality, 75, 9Q 
Prey, Z6 

categories of, 21fi 

diel vertical migration of, 218-219 

energy cost of warming, 369 

index of consumption of, 212 

secondary, 22Q 

size of, 22Q 
Primate growth models, lfi5 
Primiparity, age at, 17, 89, 138-139, LZl 
Prince Edward Island, population in, 6Q 
"Processing" dives, 335 
Production efficiency, 111. 1 13 
Puberty, male growth near, Lfi5 
Pup birth mass, 
Pup counts 

on Antipodes Island, 61-69 



on Campbell Island, &1 

on the Courbet Peninsula, 'ift-'^Q 

on Heard Island, 59 

on lies Crozct, 6Q 

as an index of population growth, ^ 

on Macquarie Island, 60-61 

on Marion Island, 59-60. 86 

on Prince Edward Island, 6Q 

on South Georgia Island, 56 
Pup mass, 202 

maternal investment and, LfiZ 
Pup mortality, LR 

at Ano Nucvo, 126, 133-134 

density-dependent, 25 
Pupping period 

at Ano Nucvo, IQ 

at Macquarie Island, 13 

of the southern species, L4 
Pup production, estimates of, 62 
Pups 

developmental aspects of diving among, 
971-9ft'i 

fat content at birth of, 104 

growth hormone in, 391 

growth of, 356-359 
hematocrit in, 349 
molt differences in, 8 
plasma glucose levels in, 382 
respiratory pattern in, 345'-347 
sex ratio of, 88 

swimming and diving experience of, 271- 
222 

tagging of, 123 
weight changes in, 357, 35fi 
Pup sex, reproductive effort and, 1R1-1R5 

Radioactive metabolic tracers, 350 
Radio transmitters, for recording dive dura- 
tion, 223 
Range, of Marion Island cows, 93 
Rapid eye movement (REM) sleep, 348 
Reilly and Fedak equation, 103. IM 
Reiter, Joanne, 121 

Remote injection method, immobilization 
using, 82 

Renewable resources, rational utilization of, 

63 

Reproduction, 15-19 
age at 6rst, 86 
benefit of experience in, 2QQ 
costs associated with, 137-138. 140-14^ 
effect of injury on, LZfi 
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energy expenditure of, 103-104. LKl 

fitness costs of, 197 

male, 155, 156-1.')8 

rate of investment in, 194-195 

in southern species males, 362-363 
Reproduction-survival tradeoff, ISQ 
Reproductive condition, effect on diving of, 
242-246 

Reproductive cycle, of females, 16-17 
Reproductive effort (RE), Uil 

age-specific, 196-200 

duration of, 125 

female, 179-188 

magnitude of, 200 

measurement of, 123 

male, 188-192 

male mass loss during, LSI 

male variation in, 121 

in relation to age, 172-173 

sex- and age-related variation in, 169-200 

sex comparison of, 179, 192-1% 

variation in, 195 
Reproductive history, weaning success and, 
146-150 

Reproductive rate, at Marion Island, 83 
Reproductive season, 356 
Reproductive success, xii 

at Ano Nuevo, Ifi 

of females, 12 

variation in, 195-196 
Research directions 

deciding, 

future, 80-81 
Research programs, S2 
Resource allocation, to reproduction, LZ2 
Respiratory costs, ill 
Respiratory patterns, during sleep, 345-347 
Resting sites, preferred, 9 
Richards function, 154^ 159-160. 162 

Ringed seals, 103. 104 

Risk, of reproduction, 176. 196 
Rockhoppcr penguin, 69 
Rookeries, i 

Rookery density, weaning success and, 144- 

Ross seals, 62 

Sakurai, Haruo, 310 
San Clemcnte Island, 3& 
San Miguel Island, 11. 11 

immigration from, 39^ 132 

increase in births at, 36-3B 



juvenile survivorship at, 121. 134 

survey of, 41 
San Nicolas Island, 1 1 , 13 

increase in births at, 37, 2fi 

survey of, 41-42 
Santa Barbara Island, 13, 12 
Santa Cruz Island, Ml 
Santa Rosa Island, 38^ 4Q 

survey of, 42 
Satellite geolocation equipment, 62 
"Scabby molt," 12 

Scientific Committee on Antarctic Research 

(SCAR), 62 
Scotia arc, colonies in, 50-51 
Sea 

cow movements at, 93-94 
energetics at, 355 
energ>' acquisition at, 364-369 
first foraging trip to, 276-282 
first mating of females at, 16-17 
first pelagic trip to, 272 
first trip to, 284-285 
first-year mortality at, 121 
time spent at, 238 
weight gain at, 321 
Sea-level pressure, first-year mortality and, 
7R-7Q 

Seal Fishery Ordinance (Falkland Islands), 

52-53 
Sealing, 1 

divisional quotas for, M 

effects of, 53-54 

eighteenth- and nineteenth-century, il 
at Macquarie Island, Zfi 
of the northern species, 8-9 
Southern Hemisphere, 21 
of the southern species, 42 
at South Georgia, 52-58 
Sea lions, 2^ 111 

Scu Mainintil Research Unit (SMRU), 

Sea-surface temperature measurements, 304- 
306 

Seawater temperature, latitude and, 231-232 

Secondary prey items, 22Q 

Secondary sexual characteristics, male, 121 

Sedation procedure, 255 

Sex 

effect on diving of, 246-249 

effect on reproductive effort of, 1 69-200 

effect on time at sea o£ 14-15 
Sex differences, 170, 171 
Sex ratio at birth, M 
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Sexual behavior, at Marion Island, 82. See 

also Mating; Reproduction 
Sexual dimorphism, 4, 1 77- 1 79 
Sexual selection 

for body size, \£5. 

male growth patterns and, l .'^.'i 

in males, 154-167. I '^'^-I'ifi 
Shallow dives, 262^ 299 
Shark attacks, 90-21 
Sigmoidal curve, 160. Ifi5 
Signy Island, ]A 

haul out at, H 

pup molt at, 8 

pup mortality at, IB 
Site fidelity, 19 
Size 

effect on age-specific survival, L28 
variability in, 177-179. '^71 -'^7? 

"Skipping," 138, 

Sleep 

apnea tolerance during, 343-352 
circulatory alterations during, 348-350 
metabolic changes during, 350-351 

patterns of, 20^ '^4'^ '^ t'i 

polygraph recording of, 346 

respiratory pattern during, 345-347 
Sleep apnea. See also Apnea 

duration of, 34S-347 

physiology of, 34^-3*11 

studies of, 351-352 
Slip, David J., 66,2^ 
Slow wave sleep (SWS), MS 
Social organization, 1 5- 1 fi 
Social play, benefits of, 20Q 
Solar equations, 229-230 
Solar navigation, 220=222 
South African fur seals, 325. 37ft 
South American colonies, 51 
Southern California rookeries, L3 

immigration to, 133. 
Southern Hemisphere, sealing in, 21 
Southern Indian Ocean, population decline 
in. fifi-Rl 

Southern Ocean ecosystem, 62 
food resource distribution in, 8Q 
predation of squid and fish in, 254 
status of phocid in, 69-72 
Southern Pacific, population decline in, 
fifi-ftl 

Southern species {Mirounga leonina) 
annual cycle of, 254 
annual energy budget of, 107-1 \Q_ 



breeding distribution of, 50 
breeding season of, L4 
decline in, 56, 66-81. 85. 99 
demographic data for, 22 
description of males of, 2 
diet composition of, I0fi-lfl7 
differences from the northern species, 4—9 
dive patterns of, 259. chapters L4 and 20 
passim 

diving behavior of, 253-269 
dominance hierarchy in, Lfi 
endocrine changes in newborns, 387-396 
energy of foraging in, 105-106 
energy of growth in, liM 
energy of molt in, 1114 
energy' utilization in, 103- 107, 354-379 
estimated population of, in 1990, 58 
explanation of population trends for, 73- 
22 

explanations of behavior of, 66 
female molt in, 363-364 
food consumption in, 92 
foraging areas of, 78, 255-257 

liistury and present status uf, 49—63 

hunting of, 66-67 

land cycle of, 9, 13-14 

main stocks of, 49, 50-51 

male reproduction in, 362-363 

at Marion Island, 85-94 

mean dive duration and depth for, 2fifi 

population biology studies of, 22 

pup mortality in, Ifl 

reproductive season and annual cycle of, 
35fi 

in South Georgia, 98-1 14 

status of, in the Southern Ocean, 70-71 

threat call of males of, 8 

time at sea of, L5 

total world population of, 4:9 
South Farallon Islands colony, 38 

survey of, 42-43 
South Georgia Island, 49, 50-51. 52-3H 

biomass and energy consumption at, 98- 
LM 

decline in population at, 68 
demographic data about, 22 
first-year survival at, 22 
harem organization on, 363 
managed exploitation at, 27 
numbers breeding at, 356 
nutritional status of cows at, 93 
population parameters at, 100 
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post-year 1 survival curve for, 24 

pup mortality at, Lfi 

scaling at, 51-52 
South Orkney Islands, 4, 5Q 

population in, 51 
South Sandwich Islands, Mi 

population in, 51 
South Shetland Islands, 5Q 

haul out at, L3 
South transits, 292 
Species 

developmental diflerences among, 8 
differences and similarities among, 4-9 

Speed changes, during dive segments, 333 

Sperm whales, dive depths of. Hi 

Squid. Se< also Prey 

biomass consumed, 110-111, 112 
as a component of diet, 105. 302 

Standard metabolic rate (SMR), 103 

Standard seal length, 1 58- 1 59 

Stewart, Brent S., xiii, 29, 2n. 29Q 

Stomach lavage, 212 

Stomach samples, examination of, LQ6 

Storms, pup mortality and, HI 

Subaduli males, mating success of, 200 

Subadults, reproductive effort of, 197-198 

Sub-Antarctic fur seals, 62 

Suckling, mean duration of, 103—104. See also 
Nursing 

Suckling pups, stealing of, IB 

Sudden infant death syndrome (SIDS), 352 

"Superweaners," 18-19 

Surface intervals (Sis), 313, 317. See also 
Diving of northern species females 

Surface-seawater temperature (SST), 23i5 

Surface swimming, 3JL1 

Survival, 55 

age-specific, 86^ 90 
annual, KHI-IOI 

determining rates of, 1 33 

of parous females, 140-141 

recording of rates of, 123 

sex differences in, 122-123 

of weanlings, I2fi 
Survival analysis, ]AL 
Survival curves, post-year 1^ Z4 
Survival/fecundity schedule, 92 
Swim distances, calculation of, .33Q-.331 
Swim speed 

comparison of, 331-332 

of juveniles, 2M 

measurement of, 329-330, 331 



metabolism and, 222 

in northern species females, 328-337 

reduced, 33.5-336 
Swim sf>eed-distance meter (SSDM), 329- 

330. 333 
Sydeman, William J., 29, 122 

Tagged seals, movement patterns of, 39 
Tagging, xi 

of pups, L23 
Tagging studies, at Marion Island, 85 
Tag loss, 123, 133 

rates of, 86 
Teeth, age estimates from, 54j 81 
Terrestrial habitat, 9 
Thorson, Philip PL, 221 
Threat vocalizations, 8 
Thyroid gland, in newborns, 391-392 
Time-depth recorders (TDRs), 87, 22L 235. 
247. 254. 275-276. 310. 312 

deployment and recovery of, 255 

technology of, 328 
Time-depth-temperature recorders, 99 
Total body gross energy (TBGE), 103, IM 
Total food consumed, estimates of, Lli 
Townsend, C. 3^ 32 
Tracking studies, 63 
Transit dives, 324, 333 
Transit velocities, comparison of, 332-333 
Translocation, homing and, 249-250 
Trauma-starvation syndrome, Lfi 
Two-component logistic function, 154. 161. 
162-164 

Type III survivorship curve, 128 

Underwater survival, 344 

Vancouver Island, il 
Variation 

cohort, 12fi-12B 

in dive parameters, 297 

in dive patterns, 237-251 

individual, 14.5-1.50 

in reproductive effort, 169-200 

in reproductive success, 195-196 

in size, 356 

in weaning success, 146 
Vertically migrating prey, 218-219. 306- 

307 

Virgin females, breeding of, 56a See also 

Females 
Vocalizations, male threat, 8 
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"Wallows," 364 
Walruses, 2 

Wandering albatrosses, £9 
Wcancr count 

on Marion Island, 59. 

on Prince Eklward Island, GD 
Weaning 

tagging at, xi 

weight at, 252 
Weaning mass, 202 

effect on age-specific survival of, L2fl 

maternal investment and, Lfifl 
Weaning success, 17^ 142 

in relation to age, 122 

variation in, 14^ 
Weaning time, L2 
Weanlings 

fasting among, 19, 325 

isotope-labeled fuel metabolite studies in, 

length classes of, L3Q 
survival rates of, 12fi 
weight classes of, L29 
Weather patterns, cflcct on Tood resources of. 



Weddell seals, 69 

aerobic dive limit in, 28^ 

dives of, "^^"i 

diving bouts of, 31i 

mass change in, 1Q:^-194 

metabolic cost of diving in, 351 

metabolic requirements of, ?fi9 

metabolic studies on, 329 

studies on, 3M 
Weight 

effect on first-year survival of, 123 
of weanlings, L28 
Weight change 
effects of, aiQ 

implications fur diving of, 370 

of lactating females, 359 

in newborns, 382 
White sharks, predation by, 20-21. 131, 222 
Wildlife Computers, 87, 235i 255 
Wilkinson, Ian S., xiii, 85 

Year, effect on survival rates of, 126 
Yearly growth rates, in males, 161. 164— 
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biannual migration, and foraging locations, 
carried out with the use of microcomputer 
diving instruments attached to free-ranging 
seals. Others include research on the life- 
history tactics critical to a population's 
success— juvenile survivorship, female and 
male reproductive strategies, and prey 
consumed. 

The book concludes with an analysis of 
the remarkable physiological mechanisms 
that make possible the elephant seals' long 
breath-holds during diving and sleep, that 
set limits on foraging, and that regulate 
their hormones and fuel metabolism while 
fasting. 

An important and timely volume. 
Elephant Seals offers not only a worldwide 
status report on these impressive mammals 
but also the most comprehensive and up-to- 
date account of their behavioral biology. 
For the information it contains, for the 
methodological innovations it reports, and 
for its relevance to the debate about the 
human causes of species extinction, this 
book is essential reading for all marine 
mammalogists, behavioral ecologists, and 
managers of marine mammals. 

Burney J. Le Boeuf is Professor of Biology 
at the University of California, Santa Cruz. 

Richard M. Laws is Master of St. Edmund's 
College, Cambridge. 
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"With its breadth of coverage, use of both 
comparative and experimental methods, 
diversity of approaches, and close connections 
between data and theory, this will become a 
benchmark book in marine mammal biology." 

— Roger Gentry, editor of Fur Seals 



UNIVERSITY OF CALIFORNIA PRESS 

Berkeley 94720 




OSED □ 



fl3 



ISBN □-55D-Dfl3b^-^ 



;al 



